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ABSTRACT 
PROHIBITIN HOMOLOGY DOMAIN PROTEINS IN CAENORHABDITIS 
ELEGANS 
John Ernest Kratz III 
  The PHB-d protein family is an evolutionarily ancient family of integral 
membrane proteins with members in all taxa that are involved in a wide variety of 
biological process but share several common molecular properties: oligomerization, 
detergent resistant membrane (DRM) association, and regulation of other proteins.  To 
better understand the biological roles of the PHB-d gene family and provide a starting 
point for analysis of their individual functions, I determined the expression patterns of all 
of the uncharacterized PHB-d genes in the nematode C. elegans. All eight of the proteins 
similar to mammalian stomatin are detectably expressed in neurons.  The specificity of 
expression varies from 34 neuron types that express sto-4 to only one that expresses sto-
3.  STO-1 protein is localized to amphid sensory cilia and is needed for optimal 
chemotaxis to diacetyl.  This phenotype is likely to affect chemotaxis mediated by the 
AWA sensory neurons.  Involvement of PHB-d proteins in chemosensation may be 
conserved in mammals.  Two murine PHB-d genes are highly expressed in olfactory 
sensory neurons, but no olfactory phenotype has been described in mice lacking either 
gene. 
 C. elegans senses gentle body touch via a mechanosensory channel complex that 
contains two Degenerin/Epithelial sodium channel (DEG/ENaC) subunits and two 
prohibitin homology domain (PHB-d) proteins.  One of the PHB-d proteins (UNC-24) 
has a C-terminal sterol carrier protein 2 (SCP-2) domain and only a subtle 
mechanosensory abnormal (Mec) phenotype.  The other PHB-d (MEC-2) is essential for 
channel function. I show here that unc-24 is needed for proper localization of MEC-2 to 
the channel complex, but that this function is unlikely to underlie the unc-24 phenotype.  
This result supports the hypothesis that PHB-d/SCP-2 proteins have a conserved role in 
localizing other PHB-d proteins and demonstrates that UNC-24 must have a second, 
unknown, role in mechanosensation. 
 MEC-2 is embedded in the plasma membrane via a non-spanning hydrophobic 
hook.  Mutation of a conserved proline (P134S) in the hydrophobic hook leads to 
complete touch insensitivity.  Mutation of the equivalent proline in human stomatin 
converts the hook to a transmembrane domain and expels the PHB-d and C-terminus of 
the protein.  We show here that the P134S mutation has the same effect on MEC-2 
topology in HEK293T cells.  This result has implications for MEC-2 function because the 
P134S mutation has previously been shown to affect some but not all MEC-2 
biochemical properties.  The conserved proline is found in all C. elegans and human 
stomatins and its mutation in human podocin leads to kidney failure. 
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The prohibitin homology domain (PHB-d) protein family is an evolutionarily 
ancient family with members in all taxa that share an ~170 amino acid region of 
homology.  The SMART protein database currently lists 2700 PHB-d proteins (Letunic et 
al., 2009) involved in diverse biological processes: the lysis/lysogeny decision following 
infection with bacteriophage λ in E. coli, replicative lifespan and maintenance of 
mitochondrial morphology in yeast, T-cell activation, kidney function, cancer, and 
mechanosensation in mammals, and locomotion, mechanosensation, and control of 
lifespan in worms, among others (Artal-Sanz and Tavernarakis, 2009b; Banuett and 
Herskowitz, 1987; Barnes et al., 1996; Berger and Yaffe, 1998; Boute et al., 2000; Huang 
et al., 1995; Jazwinski, 2004; Kirchhof et al., 2008; Mishra et al., 2006; Rajaram et al., 
1998; Wetzel et al., 2007).  Corresponding to this diversity of function is an ancient 
divergence of sequence; major divisions among the eukaryotic PHB-d protein are also 
found in prokaryotes (Hinderhofer et al., 2009).  Despite diversity of sequence and 
biological role, PHB-d proteins have been found to share a number of common 
properties: association with cellular membranes and lipid rafts, homo- and hetero-
oligomerization, and regulation of other membrane proteins (Browman et al., 2007).  It is 
not known whether these common properties reflect a common conserved molecular 
function.  It is unclear how these properties contribute to PHB-d function in many 
biological roles.  To what extent the divisions in sequence represent divisions in 
molecular function and biological role is also unclear.  Some of the characterized proteins 
in the stomatin category are known or suspected to have roles in sensory transduction and 
mechanotransduction in particular.  Whether involvement in mechanotransduction 
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specifically or sensory transduction in general is a universal property of stomatins is not 
known.   
To begin to address these questions, I characterized the expression patterns of all 
of the uncharacterized PHB-d proteins in the nematode, C. elegans.  Based on this 
information, I found that a previously uncharacterized stomatin is involved in 
chemosensation.  I found that hetero-oligomerization of a PHB-d protein needed for 
mechanosensation with a second PHB-d protein is needed for proper localization.  
Definition of a PHB-d protein  
      The PHB domain is defined in the SMART database by a hidden Markov model 
(HMM) constructed from iterated multiple sequence alignments of homologous proteins 
(Schultz et al., 2000).  PHB domains are ~170 amino acids long and consist of several 
blocks of conserved sequence separated by variable regions (Tavernarakis et al., 1999).  
The SMART PHB-d corresponds to Band_7 (PF01145) in the Pfam database and Band 7 
protein (IPR00107) in the InterPro database (Finn et al., 2010; Hunter et al., 2009).  A 
subset of PHB domains contains the 28 amino acid PROSITE stomatin motif starting at 
approximately amino acid 115 of the PHB-d (Sigrist et al., 2010).  PHB domains are 
preceded by a stretch of hydrophobic amino acids that is conserved within major PHB-d 
divisions but variable in length and sequence across PHB-d proteins as a whole.  
Categories of PHB-d protein 
      A number of bioinformatics studies of the PHB-d protein family or parts thereof have 
been carried out using varying terminology and grouping.  A reasonable consensus exists 
as to the major branches: prokaryotic HflKC and p-stomatins, and eukaryotic stomatins, 
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reggie/flotillins, prohibitins and hypersensitive induced response (HIR) genes 
(Nadimpalli et al., 2000; Tavernarakis et al., 1999).  However, many PHB-d proteins do 
not fit neatly into any of these branches; for instance the ‘paraslipins’ diverged from 
stomatins in prokaryotes and are represented by STML-1 in humans and stl-1 in C. 
elegans (Green and Young, 2008).  Both species also have one protein formed by fusion 
of a stomatin-like PHB-d to a sterol carrier protein 2 (SCP-2) domain (Edqvist and 
Blomqvist, 2006). 
      Branches of the PHB-d family are sufficiently divergent that the integrity of the 
family as product of a single ancestral protein, rather than convergent evolution, has been 
challenged.  Rivera-Milla et al. (2006) argued that sequence similarities between the 
flotillin, stomatin, and prohibitin branches are too weak to conclude that they share a 
common ancestor and that they may have arisen from convergent evolution between 
unrelated proteins performing similar functions.  However, a recent analysis of 
prokaryotic PHB-d proteins supports a unitary origin based in part on similarities in 
operon structure between prokaryotic PHB-d genes that are unlikely to have arisen by 
chance (Hinderhofer et al., 2009). 
       Representation of the branches of the PHB-d family varies widely by species.  
Saccharomyces cerevisiae has only two prohibitins. Arabidopsis thaliana has four of the 
plant-specific HIR genes and 7 prohibitins.  Homo sapiens has three stomatins (stomatin, 
podocin, and stomatin like protein 3), two stomatin-derived proteins (STML-1 and 
STML-2s), two erlins, two prohibitins, and two reggie/flotillins.  C. elegans has eight 
stomatins, (mec-2, sto-1-6, and unc-1), two stomatin derived proteins (stl-1 and unc-24), 
one erlin (C42C1.15) and two prohibitins (phb-1 and phb-2).  Reggie/flotillins have been 
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lost from the lineage leading to C. elegans (Letunic et al., 2009).  Hinderhofer et al. 
(2009) identified groups of prokaryotic PHB-d proteins corresponding to eukaryotic 
stomatins and prohibitins/erlins.  All of the C. elegans PHB-d proteins fall into one of 
these two groups, so they derive from at most two prokaryotic origins. 
Common Properties of PHB-d proteins 
Membrane association and topology 
      PHB-d domain proteins are embedded in membranes via a hydrophobic stretch N-
terminal to the PHB-d.  The hydrophobic stretch can take the form of a transmembrane 
domain or a hydrophobic ‘hook’.  The hook topology was first described for human 
stomatin based on complete resistance to extracellular proteinase and intracellular 
phosphorylation of the N-terminus (Salzer et al., 1993; Stewart et al., 1992).  A similar 
topology was demonstrated for the C. elegans protein MEC-2 using fusions to LacZ, 
which is only active when it is intracellular (Fire et al., 1990).  LacZ was active when 
fused to MEC-2 N-terminal or C-terminal, to the hydrophobic stretch, but inactive when 
fused after a synthetic transmembrane domain (Huang et al., 1995).  Mouse stomatin like 
protein-3 (STML-3) is thought to have the same topology when expressed in cell culture 
because an N-terminal epitope tag is only accessible to antibody if the cells are 
permeabilized (Wetzel et al., 2007).  The hook topology depends on a conserved proline.  
Mutation of P47 of human stomatin converts the hook to a transmembrane domain and 
extrudes the C-terminus; extracellular antibody binds C-terminally tagged mutant but not 
wild type stomatin expressed in intact Xenopus oocytes (Kadurin et al., 2009).  
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Lipid raft and cholesterol association 
      Many PHB-d proteins have been found in cholesterol and sphingolipid-rich detergent 
resistant membrane (DRM) subcellular fractions.  Human stomatin localizes to DRM 
fractions in a manner that depends critically on 3 amino acids C-terminal to the PHB-d 
(Umlauf et al., 2006).  Mammalian podocin is localized to DRM fractions (Huber et al., 
2006).  C. elegans UNC-1 is found in the DRM fraction of worm extracts (Sedensky et 
al., 2004).  MEC-2 localizes to the DRM fraction when expressed in cell culture (Huber 
et al., 2006).  Human STML-1 is found in DRM (Mairhofer et al., 2009).  Erlin-1 and 
Erlin-2 are found in DRM fractions of the ER membrane (Browman et al., 2006).  Five 
Arabidopsis thaliana PHB-d proteins are found in DRM fractions (Borner et al., 2005).  
The reggie/flotillins are so named because of their association with the floating DRM 
fraction and are frequently used as DRM markers in biochemical studies. 
      MEC-2 and podocin have been directly shown to bind sterols.  Both bind to a 
photoactivatable cholesterol analog when expressed in cell culture and the podocin PHB-
d binds cholesterol in vitro.  Sterol binding is functionally important for MEC-2.  C. 
elegans with a mec-2 mutation that diminishes affinity for cholesterol display a 
mechanosensory abnormal (Mec) phenotype only when cholesterol is limited. (Huber et 
al., 2006).  
Subcellular localization 
      PHB-d proteins are associated with a variety of cellular membranes.  Human stomatin 
was first identified as a component of erythrocyte cell membranes (Stewart et al., 1992).  
Mammalian PHB-d genes are targeted to subcellular membranes independently of their 
PHB domains; GFP fused after the N-terminus and hydrophobic stretch of human 
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stomatin, prohibitin, or erlin is localized to the cell, mitochondria, or endoplasmic 
reticulum (ER) membrane respectively (Browman et al., 2006). 
      The yeast prohibitins localize to the mitochondrial inner membrane subcellular 
fraction (Berger and Yaffe, 1998).  Disruption of the mitochondrial outer but not inner 
membrane exposes the C-terminus and PHB-d to exogenously applied protease, 
indicating that these are oriented toward the intermembrane space (Steglich et al., 1999). 
Oligomerization 
      All PHB-d proteins studied have the capacity to form high molecular weight 
oligomers.  Human stomatin expressed in cell culture is found in high molecular weight 
fractions after density gradient centrifugation (Snyers et al., 1998).  Mutation of any of 8 
amino acids C-terminal to the PHB-d that overlap the region critical for DRM association 
shifts the protein to low molecular weight fractions (Umlauf et al., 2006).  Full length 
Podocin expressed in HEK293T cells runs as high molecular weight oligomers in blue 
native gel electrophoresis (BNGE); a mutant with the PHB-d deleted runs as monomers 
and dimers (Huber et al., 2003, 2006).  MEC-2 co-immunoprecipitates (Co-IPs) with 
itself from Xenopus oocytes; as with stomatin, the region C-terminal to the PHB-d is 
essential for this interaction (Zhang, Arnadottir, et al., 2004). Erlin-1 and Erlin-2 CoIP 
themselves and each other and are found in high molecular weight fractions after density 
gradient centrifugation (Hoegg et al., 2009).  
      The best characterized PHB-d complex is that of the prohibitins.  S. cerevisiae Phb1p 
and Phb2p bind each other and 12-16 of these dimers form a large ring-shaped complex 
visible by single particle electron microscopy (Tatsuta et al., 2005).  The mammalian, 
yeast, and worm prohibitins are interdependent for stability; depletion of either protein 
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eliminates the other by a post-transcriptional mechanism (Artal-Sanz et al., 2003; 
Kasashima et al., 2006; Tatsuta et al., 2005).  The reggie/flotillins form homo- and 
hetero-tetramers (Solis et al., 2007).  HflK and HflC form a large complex that is 
estimated to contain 6 dimers (Saikawa et al., 2004). 
Regulation of other proteins 
      All three mammalian stomatins have been shown to bind and regulate ion channels.  
Stomatin interacts physically with three Acid Sensing Ion Channel (ASIC) subunits and 
negatively regulates current through hetero- and homomeric channels (Price et al., 2004). 
Stomatin like protein 3 (STML-3) interacts physically with several ASICs and negatively 
regulates ASIC currents in cell culture (Wetzel et al., 2007).  Podocin physically interacts 
with six transient receptor potential canonical (TRPC) channel subunits and enhances 
current through TRPC6 in oocytes (Huber et al., 2006). 
      Two C. elegans stomatins, MEC-2 and UNC-1, interact with Degenerin/Epithelial 
Sodium Channels (Deg/ENaCs).   MEC-2 physically interacts with a Deg/ENaC subunit, 
MEC-4, in the Touch Receptor Neurons (TRNs) and is essential for channel activity in 
Xenopus oocytes and in vivo (Goodman et al., 2002; O'Hagan et al., 2005; Zhang, 
Arnadottir, et al., 2004).  UNC-1 interacts physically and genetically with another 
Deg/ENaC, UNC-8 (Rajaram et al., 1999; Sedensky et al., 2004).  In muscle cells, unc-1 
interacts with a gap junction protein, unc-9 (Chen et al., 2007). 
      The HflKC and the prohibitins may regulate proteases. In E. coli, HflK and HflC 
physically interact with a membrane bound AAA protease (FtsH) and negatively regulate 
its activity against multiple substrates (Kihara et al., 1996, 1997).  Yeast Phb1p and 
Phb2p physically interact with a mitochondrial AAA protease (Afg3p/Rca1p) and have 
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been proposed to negatively regulate its activity in degrading unassembled respiratory 
chain components (Steglich et al., 1999).  However, it was subsequently shown that the 
prohibitin complex also physically associates with protease substrates and so it may be 
acting as a chaperone to stabilize substrates rather than directly regulating the protease 
(Nijtmans et al., 2000). 
  A model for PHB-d gene molecular function 
      Huber et al. (2006) proposed a model for the function of two stomatins (MEC-2 and 
podocin) that incorporates these common properties.  According to this model, each 
protein binds an ion channel (MEC-4 and TRPC6 respectively) and cholesterol.  
Oligomerization of the PHB-d protein produces a large complex and significantly 
enriches the membrane around the channel in cholesterol, potentially attracting more 
cholesterol and nucleating a lipid microdomain that the channel needs to function.  MEC-
2 and podocin are genes in evolutionarily distant species that function in entirely different 
systems (touch receptor neurons and the kidney).   A mechanism of this type may apply 
generally to other stomatins or to all PHB-d proteins.  This possibility is difficult to 
assess in part because the functions of many PHB-d proteins are unknown.  
Individual PHB-d proteins and biological roles 
Stomatins 
      The stomatins are an ancient branch of the PHB-d gene family.  The stomatin protein 
signature motif is R-x(2)-[LIV]-[SAN]-x(6)-[LIV]-D-x(2)-T-x(2)-W-G-[LIVT]-[KRH]-
[LIV]-x- [KRA]-[LIV]-E-[LIV]-[KRQ] (Sigrist et al., 2010).  The hydrophobic stretch of 
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all mammalian and C. elegans stomatins contains the conserved proline that produces the 
‘hook’ topology and anchors the protein to the membrane without transversing it 
(Kadurin et al., 2009). 
Mammalian stomatins 
      Mammals have 3 stomatins: stomatin itself, podocin and Stomatin like protein 3 
(STML-3).  Knockout stomatin and STML-3 mice are healthy and have only subtle 
behavioral phenotypes (Sedensky et al., 2006; Wetzel et al., 2007).  By contrast, 
mutations in podocin cause childhood onset kidney failure in humans (Boute et al., 
2000).  
      Human stomatin was first identified as an integral membrane protein in erythrocytes 
that is absent in patients suffering from autosomal dominant hereditary stomatocytosis 
(Hiebl-Dirschmied et al., 1991; Stewart et al., 1992; Wang et al., 1991).  Erythrocytes in 
these patients adopt a deformed mouth-like (stomatocytotic) morphology, leading to 
anemia.  Stomatin was hypothesized to negatively regulate an unidentified cation channel 
in erythrocyte membranes; absence of stomatin would lead to osmotic imbalance and 
produce the deformed erythrocyte morphology (Stewart et al., 1992).  This hypothesis is 
now regarded as unlikely.  Patients lacking stomatin in erythrocyte membranes have no 
mutation in the stomatin gene and can produce normal stomatin mRNA, indicating that 
the absence of stomatin could be a secondary phenotype with no causal role, and stomatin 
knockout mice have normal erythrocytes (Zhu et al., 1999).  Stomatin physically interacts 
and CoIPs with the Glu1 glucose transporter in erythrocytes and overexpression of 
stomatin decreases glucose transport (Zhang et al., 1999, 2001). 
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      Stomatin is broadly expressed beyond erythrocytes; mRNA has been detected in 
every tissue examined (Gallagher and Forget, 1995; Unfried et al., 1995; Wetzel et al., 
2007).  Stomatin protein colocalizes with cortical actin in epithelial cells (Snyers et al., 
1997).  Stomatin is widely expressed in the nervous system, including olfactory sensory 
neurons and trigeminal mechanosensory neurons (Fricke et al., 2000; Mannsfeldt et al., 
1999; Wetzel et al., 2007).  Stomatin knockout mice are viable and healthy; the only 
described phenotype is an increased sensitivity to diethyl ether anesthetic (Sedensky et 
al., 2006). 
      The most concrete function of stomatin demonstrated to date is in regulation of 
ASICs.  ASICs are proton-gated ion channels that have been have roles in nociception 
and mechanosensation in mammals (reviewed in Lingueglia, 2007).  Stomatin CoIPs with 
ASIC1a, ASIC2a and ASIC3, but has channel specific effects on activity.  It has no effect 
on ASIC1 channels, speeds desensitization of ASIC2a channels, and completely blocks 
ASIC3 channel current (Price et al., 2004).  However, these studies were done using 
heterologous proteins in Chinese hamster ovary (CHO) cells; it is not known where or if 
such interactions take place among endogenous proteins.  The biological role of stomatin 
remains unclear. 
      In contrast to stomatin, the biological role of mammalian podocin is well defined.  
Podocin is the product of the NPHS2 gene, which is mutated in human patients suffering 
from autosomal recessive steroid-resistant nephrotic syndrome (Boute et al., 2000). SRN 
is characterized by childhood onset, rapid progression to kidney failure, lack of 
recurrence after kidney transplantation and resistance to steroid drugs (Fuchshuber et al., 
1995).  Podocin is expressed in podocytes and localized to the slit diaphragm, the site of 
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filtration in the kidney (Boute et al., 2000; Roselli et al., 2002).  Podocin interacts with 
other proteins needed at the slit diaphragm, including Neph1, Neph2, CD2AP, and 
TRPC6 (Huber et al., 2006; Schwarz et al., 2001).  Podocin may be needed for 
mechanical or osmotic pressure sensing at the slit diaphragm, which could lead to 
changes in podocyte morphology to regulate the permeability of the kidney (Schermer 
and Benzing, 2009).  
      Stomatin like protein 3 (STML-3) is the least studied mammalian stomatin.  Mouse 
STML-3, also called stomatin related olfactory protein (SRO), was independently cloned 
by two groups as a gene expressed specifically in the olfactory epithelium; STML-3 
protein is localized to the sensory cilia of olfactory sensory neurons (Goldstein et al., 
2003; Kobayakawa et al., 2002; Wetzel et al., 2007).  Both groups reported that STML-3 
protein is localized to the sensory cilia of olfactory sensory neurons.  This localization 
suggests that STML-3 may function in olfaction, but no functional data exists to support 
this hypothesis. 
      Functional data for STML-3 involvement in mechanosensation does exist.  Knockout 
of STML-3 in mice abolishes the electrophysiological response to touch in many 
mechanoreceptor neurons in vivo and in isolated neurons.  The knockout mice also have 
tactile behavioral phenotypes (Wetzel et al., 2007). 
Stomatins in C. elegans 
      The eight C. elegans stomatins are mec-2, unc-1, and sto-1-6.  All but sto-6 match the 
stomatin sequence motif.  sto-6 differs by only one amino acid, a methionine at a position 
that can be leucine, isoleucine, or valine in the motif.  All are located on the X 
chromosome (sto-6 and sto-4 are adjacent), suggesting that they arose by relatively recent 
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duplication in the lineage leading to C. elegans.  The five sequenced Caenorhabditis 
species genomes contain all eight genes, but another nematode, Pristionchus pacificus, is 
missing sto-1, sto-3, sto-4, and sto-6 (Harris et al., 2010).  mec-2 and unc-1 have severe 
behavioral phenotypes; the functions of the others are unknown.  
      mec-2 is essential for gentle touch sensation in C. elegans and is expressed in the six 
touch receptor neurons (TRNs) that extend processes that cover much of the length of the 
animal (Chalfie et al., 1985; Huang et al., 1995).  mec-2 mutant animals have a 
mechanosensory abnormal (Mec) phenotype.  MEC-2 is a component of the 
mechanoreceptor channel complex including the Deg/ENaCs MEC-4 and MEC-10.  A 
second PHB-d protein, UNC-24, is also a channel component (Zhang, Arnadottir, et al., 
2004). 
      unc-1 is necessary for the production of coordinated locomotion in C. elegans; unc-1 
loss of function mutants have an uncoordinated locomotion (Unc) phenotype in which the 
normal smooth sinusoidal body wave is disrupted or kinked (Brenner, 1974; Park and 
Horvitz, 1986).  unc-1 is expressed in muscles and in many neurons including ventral 
cord motoneurons; its Unc phenotype is rescued by expression in neurons and not in 
muscle (Chen et al., 2007; Rajaram et al., 1999).  unc-1 is needed for electrical coupling 
of body wall muscles through the gap junction protein unc-9 (Chen et al., 2007).  unc-1 
interacts genetically with unc-8, a Deg/ENaC; an unc-1 null allele suppresses an 
increased sensitivity to halothane anesthetic, phenotype of unc-8 (Rajaram et al., 1999).  
UNC-1 and UNC-8 also interact physically and CoIP from worm extracts (Sedensky et 
al., 2004).  unc-8 in expressed in ventral cord motoneurons and has been proposed to act 
as a proprioceptive stretch sensor (Tavernarakis et al., 1997).  Because unc-9 is also 
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expressed in neurons, including the ventral cord motoneurons, it is not clear whether the 
unc-1 functions through unc-8, unc-9, or both in neurons. 
PHB-d / SCP-2 fusions 
        Mammals and C. elegans each have one protein with an SCP-2 domain C-terminal 
to the PHB-d: STML-1 and UNC-24 respectively (Barnes et al., 1996; Seidel and 
Prohaska, 1998).  These are likely to be the products of a single ancestral fusion event 
SCP-2, also called nonspecific lipid transfer protein, was so named for its ability to 
transfer cholesterol between membranes in vitro.  Many SCP-2 domain proteins also 
contain enzymatic domains and are involved in lipid metabolism and cholesterol 
synthesis (Edqvist et al., 2006).  Overexpression or deletion of SCP-2 exerts complex 
effects on lipid rafts (Atshaves, Jefferson, et al., 2007; Atshaves, McIntosh, et al., 2007).  
Both proteins interact with and localize stomatins. 
        Human STML-1 is expressed in many tissues, but the highest level of mRNA was 
detected in the brain (Seidel et al., 1998).  STML-1 contains an N-terminal GXXYΦ 
targeting sequence, which is recognized by clathrin coat adaptor protein complexes and 
can direct proteins to lysosomes or endosomes depending on context (reviewed in 
Bonifacino and Traub, 2003).  STML-1 is localized to the late endosome; deletion of the 
targeting sequence redirects the protein to the plasma membrane.  STML-1 physically 
interacts with stomatin and overexpression of STML-1 in cell culture localizes stomatin 
to the late endosome (Mairhofer et al., 2009).  The endogenous function of STML-1, 
whether it localizes stomatin in vivo, and what role each domain plays are unknown.  
      Loss of function mutations in C. elegans unc-24 produce a kinked Unc phenotype 
similar to unc-1 (Riddle and Brenner, 1978).  unc-24 does not have an endosomal 
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targeting sequence and is widely expressed in the nervous system (Zhang, Ma, et al., 
2004).  UNC-24 interacts with UNC-1 and UNC-8 in the ventral nerve cord.  UNC-24 is 
needed for the localization of UNC-1 to the neuron process; unc-24 mutant neurons have 
low levels of UNC-1 in the cell body and none in the process (Sedensky et al., 2001a, 
2004).  unc-24 is also expressed in the TRNs.  UNC-24 can independently bind both 
MEC-2 and MEC-4 in vitro and localizes to mechanoreceptor channel complexes along 
the TRN process in vivo.  Although unc-24 mutants are touch sensitive in an otherwise 
wild type background, they become synthetically Mec in combination with sensitizing 
mutations.  (Zhang, Arnadottir, et al., 2004).  As in the case of STML-1, the contributions 
of the PHB and SCP-2 domains to UNC-24 function are unknown.  It is unclear to what 
extent the functions of STML-1 and UNC-24 are conserved; both can direct the 
localization of other PHB-d proteins, but their subcellular localization is distinct. 
Paraslipins  
      Mammals and C. elegans each have one representative of a branch of stomatin-
derived PHB-d proteins that Green and Young (2008) termed paraslipins.  Mammalian 
STML-2 expression was found in all tissues tested (Owczarek et al., 2001; Wang and 
Morrow, 2000).  STML-2 expression is upregulated in cancer (Cao, Zhang, Liu, Tang, et 
al., 2007; Cao, Zhang, Liu, Li, et al., 2007; Chang et al., 2010; Cui et al., 2007; Zhang et 
al., 2006).  In HeLa cells, STML-2 is localized to mitochondrial inner membranes, where 
it participates in large complexes with mitofusin-2 (Mfn2) and the prohibitins.  Mfn1 and 
Mfn2 are essential for mitochondrial fusion and for viability in mice (Chen et al., 2003).  
Whether the STML-2 forms separate complexes with the mitofusins and prohibitins is 
unclear.  RNAi knockdown of STML-2 reduces mitochondrial membrane potential and 
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levels of mitochondrial respiratory chain proteins, but does not affect mitochondrial 
morphology (Da Cruz et al., 2008; Hájek et al., 2007).  STML-2 has also been found in 
erythrocyte plasma membranes and in association with the actin cytoskeleton in 
erythrocytes and T cells; RNAi against STML-2 impairs sustained activation of Jurkat T 
cells (Kirchhof et al., 2008; Wang et al., 2000).  STML-2 clearly functions in 
mitochondria; its involvement in cancer and T cell activation may be secondary effects 
caused by increased energetic requirements in these cells.  
      In comparison to STML-2, little is known about C. elegans stl-1.  RNAi against stl-1 
disrupts body wall muscle mitochondria morphology, suggesting that a mitochondrial 
function is conserved (Ichishita et al., 2008).  C. elegans has a single mitofusin, (fzo-1); 
whether it interacts with stl-1 is unknown. 
Erlins 
      Mammals have two PHB-d proteins that are localized to the ER membrane termed 
SPFH1 and SPFH2, or Erlin-1 and Erlin-2 (Browman et al., 2006).  In rats, Erlin-2 was 
detected in every tissue tested except for heart (Pearce et al., 2007).  The erlins bind 
activated inositol 1,4,5-trisphosphate (IP3) receptors and are needed for their rapid 
polyubiquitination and degradation via the ER-associated degradation (ERAD) pathway 
(Pearce et al., 2007; Wang et al., 2009).  
      The sole C. elegans erlin, C42C1.15 has not been studied.  Although C42C1.15 is 
similar to the Erlins in its PHB-d, the N-terminal region and hydrophobic stretch that 
target erlins to the ER are not conserved (Browman et al., 2006).  Consequently, 




Mammalian prohibitin-1 was first identified as an mRNA upregulated in normal 
versus regenerating rat liver and named for its correlation with non-proliferating cells 
(McClung et al., 1989).  A causative role in cell cycle arrest was demonstrated by 
injection of prohibitin mRNA in fibroblasts and HeLa cells (Nuell et al., 1991).  
However, prohibitin protein is dispensable for this effect; injection of 3’ UTR transcript 
alone blocks proliferation of a breast cancer cell line almost as efficiently as the full 
length mRNA (Jupe et al., 1996).  Expression of the 3’ UTR in these cells alters their 
morphology and inhibits motility in a wound healing assay, but the molecular mechanism 
is still unknown (Manjeshwar et al., 2004, 2003).  Prohbitin-2 was first identified as a 
protein associated with IgM antigen receptors in B lymphocytes and named BAP37 
(Terashima et al., 1994).  
The prohibitins subsequently have been found expressed in every eukaryotic 
species and tissue tested and have been implicated in a wide array of cellular processes 
(Coates et al., 1997; McClung et al., 1995; Nuell et al., 1991).  Prohibitins are essential 
for development in mice and Drosophila melanogaster (Park et al., 2005; Eveleth and 
Marsh, 1986).  Deletion of yeast prohibitins leads to shortened replicative lifespan 
(Coates et al., 1997).   Prohibitins have been detected at the plasma membrane, in the 
nucleus, and in circulation, but are primarily localized to the inner mitochondrial 
membrane (Tatsuta et al., 2005).   Functions that have been proposed for the Prohibitins 
include acting as chaperones, regulation of protease activity, maintaining mitochondrial 
membrane structure and regulation of transcription in response to steroid hormones 
(Artal-Sanz and Tavernarakis, 2009a; Osman et al., 2009).  Prohibitin-2 was 
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independently cloned as repressor of estrogen receptor activity (REA); prohbitin-1 is 
necessary for the activity of estrogen antagonists (Montano et al., 1999; Wang et al., 
2002, 2004).  Whether prohibitins participate in steroid signaling by directly binding 
steroid hormones is unknown. 
In C. elegans phb-1 and phb-2 are essential for embryonic development.  
Depletion in adults by RNAi disrupts mitochondrial morphology.  (Artal-Sanz et al., 
2003).   Knockdown of phb-1 and phb-2 shortens the lifespan of wild type worms under 
normal culture conditions, but extends lifespan in combination with caloric restriction or 
mutations that compromise mitochondrial function (Artal-Sanz and Tavernarakis, 2009b).  
This suggests that roles in mitochondrial function and regulation of lifespan are 
conserved in C. elegans. 
Reggie/flotillins 
 The two reggie/flotillins are found in prokaryotes, plants, and all vertebrates 
examined, but are absent in yeast and C. elegans (Borner et al., 2005; Rivera-Milla et al., 
2006).  They were independently identified as proteins expressed on the surface of 
regenerating retinal ganglion cell axons in goldfish and as DRM proteins in mouse lung 
tissue and named reggies and flotillins respectively (Bickel et al., 1997; Schulte et al., 
1997).  Reggie/flotillins are broadly expressed in many cell lines and tissues, especially 
during development, but the highest level of expression is seen in the nervous system in 
zebrafish, Xenopus, and Drosophila (Bickel et al., 1997; Galbiati et al., 1998; Pandur et 
al., 2004; von Philipsborn et al., 2005).  Reggie/flotillins have been implicated in a 
variety of cell signaling related processes including insulin signaling, growth factor 
signaling, T cell activation, and cell adhesion; they are thought function as lipid raft 
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specific scaffolds for signaling complexes (Babuke and Tikkanen, 2007; Langhorst et al., 
2005).  Stuermer (2010) proposed that reggie/flotillin complexes function generally to 
direct delivery of membrane lipids and proteins from internal stores to specific locations 
on the plasma membrane, but this has not been proven.  Why the reggie/flotillins are so 
widely conserved in other species but absent in C. elegans is an open question. 
Hypersensitive induced response genes 
 The plant HIR genes were originally identified for their ability to induce an 
apoptotic defense against plant pathogens in a tobacco species deficient in this response 
(Karrer et al., 1998).  Subsequent experiments found additional examples of this branch 
of the PHB-d protein family in maize (Nadimpalli et al., 2000).  HIR proteins are found 
in DRM fractions from Arabidopsis thaliana (Borner et al., 2005).  The molecular 
function of these proteins is unknown. 
HflKC 
 The bacterial PHB-d genes hflC and hflK were first indentified a products of a 
single locus that produces a high frequency of lysogeny (Hfl) after infection with 
bacteriophage λ phenotype (Banuett et al., 1987; Noble et al., 1993).  HflKC forms a 
complex with a membrane bound AAA protease (FtsH) that degrades cII, a lysogenic 
peptide produced by phage λ.  HflKC stimulates degradation of cII, but stabilizes another 
FtsH substrate, SecY (Kihara et al., 1996, 1997).  HflKC and FtsH form a large complex 
estimated to contain 6 molecules of each subunit that is localized to the periplasmic 
membrane (Saikawa et al., 2004).  How HflKC positively or negatively regulates FtsH 
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activity in a substrate dependent fashion is unknown.  It is also unclear whether HflKC 
and the eukaryotic prohibitins perform similar functions. 
Organization of this thesis 
 In this thesis, I investigated the expression and function of the uncharacterized C. 
elegans PHB-d proteins.  Chapter II describes the expression patterns of all of the 
uncharacterized PHB-d proteins.  Chapter III contains attempts to find single or 
redundant locomotory phenotypes of the uncharacterized stomatin genes and description 
of a subtle chemotaxis phenotype of one of the genes.  Chapter IV examines the 
interactions between two PHB-d proteins involved in mechanosensation.  Chapter V 
concerns the effects of mutations in a conserved proline on stomatin membrane topology.  
An appendix describes several genes that are needed for the down regulation of gene 
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 The PHB-d protein family is an evolutionarily ancient family of integral 
membrane proteins with members in all taxa.  The eukaryotic PHB-d proteins descend 
from multiple prokaryotic ancestors.  PHB-d proteins share several common molecular 
properties: oligomerization, detergent resistant membrane (DRM) association, and 
regulation of other proteins.  PHB-d proteins are involved in a wide variety of biological 
processes. To better understand the biological roles of the PHB-d gene family and 
provide a starting point for analysis of their individual functions, we determined the 
expression patterns of all of the uncharacterized PHB-d genes in the nematode C. elegans 
using GFP reporters.  We found that all eight of the proteins similar to mammalian 
stomatin are detectably expressed in neurons.  The specificity of expression varies from 
34 neuron types that express sto-4 to only one that expresses sto-3.  A number of the 
expression patterns have functional implications. For instance, sto-2 is expressed in three 
neurons in the thermotaxis circuit and only a few other cell types so it may have a role in 
thermosensation.   
Introduction 
The PHB-d protein family is an evolutionarily ancient family with members in all 
taxa that share an ~170 amino acid region of homology.  PHB-d proteins in various 
species have been found to share a number of common properties.  They are embedded in 
lipid membranes and frequently associated with DRM and sterols.  They can interact 
extensively via homo- and hetero-oligomerization and regulate other membrane proteins 
(Browman et al., 2007).  Despite the often similar molecular properties of PHB-d 
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proteins, they are involved in diverse biological processes: T cell activation, kidney 
function, cancer, and mechanosensation in mammals, replicative lifespan and 
maintenance of mitochondrial morphology in yeast, the lysis/lysogeny decision in 
bacteria, among others (Kirchhof et al., 2008; Boute et al., 2000; Mishra et al., 2005; 
Wetzel et al., 2007; Jazwinski, 2004; Berger and Yaffe, 1998; Banuett and Herskowitz, 
1987).  
Major divisions within the PHB-d protein family are also ancient.   Major 
eukaryotic PHB-d branches include stomatins, prohibitins, erlins, reggie/flotillins and 
hypersensitive induced response (HIR) proteins. Distinct groupings of prokaryotic 
proteins correspond to the eukaryotic stomatins, prohibitins/erlins, and reggie/flotillins; 
others are exclusive to prokaryotes (Hinderhofer et al., 2009).  Branches of the PHB-d 
family are sufficiently divergent that the integrity of the family as product of a single 
ancestral protein rather than convergent evolution has been called into question, 
particularly in the case of the flotillins (Rivera-Milla et al., 2006).  However, a recent 
analysis of prokaryotic PHB-d proteins supports a unitary origin (Hinderhofer et al., 
2009).  Representation of the branches of the PHB-d family varies widely by species.  
Saccharomyces cerevisiae have only two prohibitins. Arabidopsis thaliana has four HIR 
genes and 7 prohibitins.  Homo sapiens has three stomatins, two stomatin-derived 
proteins, two erlins, two prohibitins, and two reggie/flotillins (Letunic et al., 2009). 
The nematode Caenorhabditis elegans has 13 genes coding for PHB-d proteins: 
eight stomatins, two stomatin –derived genes, one erlin, and two prohibitins (Figure 1).  
Both of C. elegans stomatin-derived genes have homologs in mammals.  unc-24 is 
homologous to human stomatin like protein 1 (STML-1); both have a Sterol Carrier 
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Protein-2 (SCP-2) domain C-terminal to the PHB-d.  stl-1 and human STML-2 represent 
a branch of the PHB-d family, termed parasilipins by (Green and Young, 2008), that 
diverged from the prokaryotic stomatins.  C. elegans has one gene, C42C1.15, that is 
homologous to the two mammalian Erlins.  The pair of C. elegans prohibitins, phb-1 and 
phb-2, is conserved among metazoans. 
 The eight C. elegans stomatins are mec-2, unc-1, and sto-1-6.  All but sto-6 have 
the Stomatin/Band 7 protein signature: R-x(2)-[LIV]-[SAN]-x(6)-[LIV]-D-x(2)-T-x(2)-
W-G-[LIVT]-[KRH]-[LIV]-x- [KRA]-[LIV]-E-[LIV]-[KRQ]; sto-6 differs by only one 
amino acid at a variable position (Sigrist et al., 2010).  All contain a hydrophobic domain 
with a conserved proline (P134 in MEC-2) that produces a ‘hook’ topology and anchors 
the protein to the membrane without transversing it; mutation of this proline converts the 
hook to a transmembrane domain in human stomatin (Kadurin et al., 2009).  All are 
located on the X chromosome (sto-6 and sto-4 are adjacent), suggesting that they arose 
by relatively recent duplication in the lineage leading to C. elegans.  The five sequenced 
Caenorhabditis species genomes contain all eight genes, but another nematode, 
Pristionchus pacificus, only has four. The P. pacificus stomatins are most similar to C. 
elegans mec-2, unc-1, sto-2 and sto-5 (Harris et al., 2010).  
Only two of the C. elegans stomatins, mec-2 and unc-1, have been well 
characterized.  mec-2 is expressed in the six Touch Receptor Neurons (TRNs), where it is 
needed for gentle touch sensation (Huang et al., 1995).  MEC-2 associates directly with 
MEC-4, a Degenerin/Epithelial Sodium Channel (Deg/ENaC) that is one of the pore 
forming subunits of the mechanotransduction channel complex, and co-localizes with 
other channel subunits in regular puncta along the TRN process (Zhang, Arnadottir, et al., 
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2004).  unc-1 is widely expressed in the nervous system (Rajaram et al., 1999), where it 
is needed for coordinated locomotion.  UNC-1 has also been shown to associate with a 
Deg/ENaC, UNC-8 (Sedensky et al., 2004).  unc-1 is needed in body wall muscle for 
electrical coupling through UNC-9, a gap junction protein (Chen et al., 2007). Nothing is 
known about the function of sto-1-6. 
unc-24, one of two stomatin-derived genes in C. elegans, does not match the 
stomatin signature sequence but does have the conserved proline.  unc-24 mutant animals 
are severely uncoordinated; unc-24 is broadly expressed in neurons, including the TRNs 
(Barnes et al., 1996; Zhang, Ma, et al., 2004).  UNC-24 interacts physically with both 
MEC-2 and UNC-1 (Rajaram et al., 1999; Zhang, Arnadottir, et al., 2004).  stl-1 has 
neither the stomatin signature sequence nor the conserved proline and has not been 
extensively studied.  The mammalian homolog, STML-2 is expressed in a broad range of 
tissues and is upregulated in multiple types of cancer (Owczarek et al., 2001; Chang et 
al., 2010; Cao, Zhang, Liu, Li, et al., 2007; Cui et al., 2007).  STML-2 localizes to 
mitochondria, where it physically interacts with the prohibitin and mitofusin complexes 
(Da Cruz et al., 2008; Hájek et al., 2007).  Knockdown of stl-1 by RNA interference 
(RNAi) disrupts mitochondrial morphology in C. elegans, suggesting that its function is 
conserved (Ichishita et al., 2008).  
 The Prohibitins, phb-1 and phb-2 in C. elegans, are a pair of proteins conserved in 
metazoa. Prohibitins have been detected at the plasma membrane, in the nucleus, and in 
circulation, but are primarily localized to the inner mitochondrial membrane in a large 
(12-16 molecules of each) ring-shaped complex.  A variety of functions have been 
proposed for the Prohibitins, including acting as chaperones, regulation of protease 
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activity, maintaining mitochondrial membrane structure and regulation of transcription in 
response to steroid hormones (Osman et al., 2009).  phb-1 and phb-2 are essential for 
embryonic development in C. elegans.  Depletion in adults by RNAi disrupts 
mitochondrial morphology and can shorten or extend lifespan, depending on diet and 
genetic background (Artal-Sanz et al., 2003; Artal-Sanz and Tavernarakis, 2009b).  
To better understand the biological roles of the various branches of the PHB-d 
gene family and provide a starting point for analysis of their individual functions, we 
determined the expression patterns of all of the uncharacterized C. elegans PHB-d genes.  
Because antibodies do not exist for these genes, we examined transgenic lines carrying 
stably inheritable extrachromosomal arrays with reporters consisting of upstream 
regulatory sequence fused to green fluorescent protein (GFP) (Chalfie et al., 1994).  
When possible, both a transcriptional reporter in which GFP is fused to the C-terminus of 
the full-length protein and a transcriptional reporter lacking the coding sequence were 
examined. (Figure 2,3) 
2. Results and Discussion 
2.1 sto-1 
 The sto-1 transcriptional fusion is detectably expressed exclusively in 13 classes 
of neuron (Figure 4A-C).  More than half are in the amphid or phasmid sensilla.  The 
amphid neurons are a group of 12 ciliated sensory neuron pairs in the head that send 
processes to the tip of the nose and are responsible for sensing temperature, nose touch, 
and soluble and volatile chemical attractants and repellents; the phasmid neurons in the 
tail are structurally similar and mediate chemorepulsion (Hilliard et al., 2002; Inglis et al., 
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2006; White et al., 1986).  Expression was seen most brightly and consistently in ADL in 
the head and PHA in the tail.  ADL contributes redundantly with ASH and ASE to 
avoidance of heavy metal ions (Sambongi et al., 1999).  Psto-gfp was faintly expressed in 
ASH, but neither the transcriptional nor the translational fusion was detected in ASE.  
The identity of ADL was confirmed by coexpression of Psto-1gfp with an ADL specific 
marker, Psrh-220rfp (Figure 4B; WormBase, 2008).   The identity of PHA was confirmed 
by colocalization of Psto-1gfp with DiI, a red lipophilic dye that specifically labels 6 
amphid and both phasmid cell types (Figure 4C).  
 The sto-1 translational fusion is the only construct to be expressed dynamically 
over the course of development.  The sto-1 translational fusion is expressed in all cells 
from the early embryo through the bean stage (~6 hours after fertilization) and localized 
along the cell membranes.  sto-1 subsequently disappears from the intestine and 
pharyngeal muscle (Figure 4D).  The brightest expression is seen in the 3-fold stage (~9 
hours after fertilization); expression remains high through the second larval stage (L2) 
and declines subsequently (Figure 4E).  In L1/early L2, sto-1 is expressed in epithelial, 
alimentary and neuronal cells.  Epithelial expression is seen in the seam cells along the 
sides of the animal and the tail hypodermis.  Alimentary expression is seen at both ends 
of the gut: in the pharynx/intestine and intestine/rectum valves and the rectal epithelium, 
but not in the intestinal cells.  Neuronal expression is seen in 9 of the 12 amphid sensory 
neuron pairs (including ADL), PHA, pharyngeal interneurons, and newly born ventral 
cord motor neurons (Figure 4F,G).  The adult alimentary system expresses sto-1 in the 
lining of the intestine.  Although neuronal expression is generally faint by adulthood, 
STO-1::GFP protein is enriched in the IL, OL, amphid and phasmid sensory cilia (Figure 
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3H,I).  sto-1 and sto-2 have previously been identified as candidates in a screen for genes 
expressed in ciliated neurons; these predictions were based on SAGE data and the 
presence of a promoter element common to genes that code for ciliary proteins (Blacque 
et al., 2005). 
2.2 sto-2 
 The sto-2 transcriptional fusion is expressed in three interneurons, AIY, AIZ and 
PVC and one amphid sensory neuron, AFD (Figure 5A-C).  The translational fusion is 
expressed in these cells as well as in the DD and VD GABAergic inhibitory motoneurons 
(Figure 5D).  STO-2::GFP is distributed in a punctate pattern in the cell body and 
throughout the processes.  STO-2 puncta may correspond to sites where STO-2 is active, 
as in the case of MEC-2, or may simply reflect the oligomeric propensity of its PHB-d.  
PVC is a command interneuron necessary for forward movement in response to posterior 
touch (Chalfie et al., 1985).  AFD, AIZ, and AIY are all required for thermotaxis (Mori 
and Ohshima, 1995).  The D-type motoneurons function to relax the muscles on the 
opposite side of the body from a contraction; when they are ablated, animals contract in 
response to touch instead of reversing (McIntire et al., 1993). 
2.3 sto-3  
 The sto-3 transcriptional fusion is detectably expressed in the CEP and RIB 
neurons and in the rectal gland cells (Figure 6A-C).  The CEP cells are a set of 
quadrilateral mechanosensory cells that contribute to the slowing response when C. 
elegans encounter a bacterial lawn (Sawin et al., 2000).  The RIB cells are a pair of 
interneurons that send processes into the nerve ring.  They are involved in the switch 
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between backward and forward locomotion (Tsalik and Hobert, 2003; Gray et al., 2005).   
The three rectal gland cells surround the intestinal/rectal valve; their function is not 
known (Altun and Hall, 2009a).   
The sto-3 translational fusion is detectable exclusively in RIB (Figure 6D).  The 
identity of RIB was confirmed by mapping the cell body relative to two amphid neurons, 
ASH and ASJ, labeled by DiI, and to AIB and AIZ, labeled with Podr-2bgfp (Figure 6E,F; 
Chou et al., 2001).  STO-3 protein is distributed in a punctate pattern in the cell body and 
nerve ring but excluded from the process leading to the nerve ring. 
2.4 sto-4 
 The sto-4 transcriptional fusion is detectable in 34 neuron classes, the most of any 
sto gene (Figure 7).  These include a few sensory neurons (ALM, AVM, AWC, FLP, 
PDE) and many interneurons (ADA, AIN, AIZ, AVD, AVJ, AVK, BDU, RIH, RIV, 
SDQ, URB, others). Von Stetina et. al. (2007) previously observed sto-4 expression in 
posterior VA, VB, DB and AS motoneurons from a sto-4 promoter nearly identical to 
ours.  We saw faint and very rare expression in VA and DA motoneurons (data not 
shown).  This discrepancy is likely to be due to differences in either the concentration of 
Psto-4gfp DNA or in the other components of the extrachromosomal arrays used in each 
study.  Whether sto-4 expression in motoneurons is genuine or artifactual remains 
unclear.  
2.5 sto-5 
 The sto-5 transcriptional fusion is detectably expressed in the IL socket cells and 
four neuron classes:  FLP, PQR, BDU, and M2 (Figure 8).  The identities of FLP and 
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PQR were confirmed by co-expression of Psto-5gfp with Pmec-3rfp and Pflp-3rfp respectively 
(Figure 8C,D; Way and Chalfie, 1989; Kim and Li, 2004).  The FLP neurons are pair of 
ciliated sensory neurons in the head with distinctive highly branched processes that are 
responsible for approximately 30% of the response to nose touch (Kaplan and Horvitz, 
1993).  PQR, a single neuron exposed to the pseudocoelom, is an oxygen sensor (Gray et 
al., 2004).  PQR is derived from QL; the equivalent cell in the QR lineage, AQR, is 
functionally similar, but does not express sto-5.  The BDU neurons are needed for 
guidance of the AVM mechanosensory neuron process (Walthall and Chalfie, 1988). The 
M2s are a pair of pharyngeal motoneurons that, like the bulk of the pharyngeal nervous 
system, are dispensable for pharyngeal pumping (Avery and Horvitz, 1989).  The IL 
socket cells surround the ciliated endings of the IL1 and IL2 sensory neurons (Ward et 
al., 1975). 
2.6 sto-6 
 sto-6 is detectable in many motoneurons and interneurons but no sensory neurons 
(Figure 9). Motoneuron expression includes cells in the head (RMD, RME, SMB) and 
ventral cord (DA, VA, DB, VB, AS).  The ventral cord expression of sto-6 in excitatory 
motoneurons is complementary to that of sto-2.  The AIY and RIA interneurons and 
SMB motoneurons are involved in the backward/forward switch in locomotion (Gray et 
al., 2005).  
2.7 stl-1 
The stl-1 transcriptional fusion is visible in three classes of neuron, ALN, PLN, 
and URX (Figure 10A). Bright but rare expression is seen in muscles (body wall, vulval, 
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stomatointestinal, and anal depressor).  Although muscle expression is rare, functional 
evidence suggests that it represents genuine stl-1 expression: RNAi against stl-1 disrupts 
mitochondrial morphology in body wall muscles. (Ichishita et al., 2008).  ALN and PLN 
are neurons of unknown function associated respectively with the ALM and PLM touch 
receptor neurons.  The URX neuron pair is exposed to the pseudocoelom and involved in 
oxygen sensing (Gray et al., 2004). 
 The stl-1 translational fusion is detectably expressed in the same neurons as the 
transcriptional fusion and also in the XXX cells (Figure 10B,C). No muscle expression 
was seen.  This expression pattern is surprisingly narrow considering the wide expression 
and apparently basic function of the mammalian homolog and the evidence of stl-1 
function in muscles. The XXX cells are a pair of neuron-like epithelial cells with variable 
positions in the head that may perform a sterol-related neuroendocrine role in dauer 
formation (Altun and Hall, 2009b). 
2.8 C42C1.15 
 The C42C1.15 transcriptional reporter is detectable in two amphid (ADL and 
ASH) and two phasmid (PHA and PHB) neurons.  C42C1.15 is predicted to be the third 
gene in an operon with two other uncharacterized genes.  As discussed in section 2.1, all 
of these cells are involved in chemorepulsion.  The ASH neurons also mediate avoidance 
of nose touch and high osmolatrity (Kaplan et al., 1993).   
 C42C1.15 is the C. elegans homolog of Mammalian Erlin-1 and Erlin-2 (also 
called SPFH1 and SPFH2).  The Erlins are so named because they are localized to the ER 
as high molecular weight complexes in lipid rafts (Browman et al., 2006; Hoegg et al., 
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2009).  Erlins are involved in the turnover of activated IP3 receptors via the ER-
associated degradation pathway (Wang et al., 2009; Pearce et al., 2007).   
2.9 Prohibitins 
 The prohibitin reporters are expressed broadly.  Both phb-1 and phb-2 
transcriptional and translational fusions are expressed in pharyngeal muscle, hypodermis 
and intestine (Figure12).  Expression of the phb-2 translational reporter was faint, but 
largely corresponded to the transcriptional reporter.  These results agree well with Artal-
Sanz and Tavernarakis (2009), who saw both prohibitins in all tissues using similar 
reporters.  They were unable to obtain stable lines carrying the phb-2 translational fusion 
using a similar plasmid, and we obtained fewer phb-2 lines than phb-1 suggesting that 
phb-2::gfp may be toxic.  That phb-1 and phb-2 have similar or identical expression 
patterns is not surprising because PHB-1 and PHB-2 form a complex together and their 
stability is interdependent (Artal-Sanz et al., 2003).    
2.10 Concluding Remarks 
We have determined the expression patterns of the uncharacterized C. elegans PHB-d 
genes using GFP reporters (Table 1).  Although these reporters are convenient and 
generally accurate, there are a number of potential sources of error.  Firstly, the 
extrachromosomal arrays carrying the reporters can be lost from individual cells or entire 
lineages within an animal, potentially causing false negatives.  Secondly, very low levels 
of expression may not be detectable by GFP fluorescence.  Thirdly, recombination among 
the constituents of the array can occasionally cause expression in inappropriate cells, 
resulting in false positives.  To address these problems, we examined many animals in 
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multiple transgenic lines with each reporter except for C42C1.15, for which only one line 
was obtained.  Finally, important regulatory sequences may lie far 5’ to the start codon, in 
introns, or in the 3’ untranslated regions of a gene and thus be absent from our reporters.  
This is a particularly significant concern for those genes only represented by 
transcriptional reporters, which lack introns, but the 5’ promoter sequence used in most 
reporters reaches the next gene and we examined translational fusions whenever possible.  
Antibody staining of endogenous protein would be needed to be certain of the accuracy 
of these patterns. 
The C. elegans stomatin-like genes (sto-1-6, unc-1, and mec-2) are expressed 
primarily in neurons.  The two previously characterized stomatins are expressed in very 
different numbers of cells: unc-1 is expressed in many neurons, while mec-2 is expressed 
in only the TRNs (Huang et al., 1995; Rajaram et al., 1999).  We observed a similar range 
in expression among the previously uncharacterized stomatins, from 34 cell-types for sto-
4 down to a single cell-type for sto-3.  There are no obvious similarities between any of 
the patterns that would suggest redundancy or cooperation between any of the genes.  
Overlap in expression among the sto genes is not extensive: 68 neuron types express one 
sto gene, 13 express two, and only the NSMs and PVCs express three.  Individual STO 
proteins are likely to be involved in different behaviors, either by performing similar 
roles in different cells, or, as in the case of MEC-2, carrying out cell-specific functions.   
Neuronal expression of stomatins appears to be conserved between C. elegans and 
mammals.  Two of the three mammalian stomatins are primarily neuronal: STML-3 
expression has been reported only in neurons and while stomatin is widely expressed, 
stomatin mRNA is enriched in neurons relative to other tissues (Goldstein et al., 2003; 
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Kobayakawa et al., 2002; Wetzel et al., 2007).  STML-3 protein has been detected in 
olfactory sensory neurons; phenotypic analysis suggests that it is also likely to be 
expressed in mechanoreceptor neurons in the skin.  The third (podocin) is expressed in 
podocytes at the filtration barrier in the kidney (Boute et al., 2000; Roselli et al., 2002).  
mec-2 and human stomatin are reciprocal best BLAST hits.  The lack of correspondence 
between any other pair of stomatins suggests that the C. elegans and human stomatins 
derive from a single common ancestor that expanded separately in each lineage to 8 
genes in C. elegans and 3 in humans.  
The mammalian homolog of stl-1, STML-2, is broadly expressed in comparison to 
the relatively restricted pattern of the stl-1 transcriptional fusion.  (Owczarek et al., 2001; 
Wang and Morrow, 2000).  STML-2 localizes to mitochondria and associates with 
mitofusins (Hájek et al., 2007).  This is consistent with the stl-1 RNAi body wall muscle 
mitochondrial morphology defect and the idea that the transcriptional reporter expression 
in muscle is accurate.  The broad expression of the prohibitins is consistent with the wide 
expression and roles in basic cellular processes that have been attributed to them in other 
systems. 
The localization of STO-1 protein changes dramatically over the course of 
development, shifting from broad expression in all cell membranes to narrow 
concentration in sensory cilia.  Whether this shift represents distinct developmental and 
adult functions is unclear.  The lineage leading to C. elegans has lost a pair of PHB-d 
proteins, the reggie/flotillins, that are needed for axon outgrowth in vertebrates and that 
have been proposed to have a more general function in membrane delivery (Stuermer, 
2010).  Developmentally expressed STO-1 could be performing a similar role.  The STO-
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1 enrichment in adult amphid cilia suggests that it could play a role in sensory 
transduction.  In mice, stomatin like protein 3 is involved in touch sensation and is also 
localized to the cilia of olfactory receptor neurons (Kobayakawa et al., 2002; Wetzel et 
al., 2007).   
STO-2 and STO-3 translational fusions both appear punctate, probably due to the 
propensity of the PHB-d to homo-oligomerize.  The exclusion of STO-3 puncta from the 
process between the cell body and the nerve ring suggests that STO-3 is specifically 
localized to the nerve ring.  RIB has a high density of synapses and gap junctions in the 
nerve ring relative to the middle of the process; STO-3 may be localized to either or both 
(White et al., 1986).   Expression of sto-2 in three cells of the thermotaxis circuit suggests 
that it may be involved in thermosensation.  The significance of the complementary 
expression of sto-2 and sto-6 in the ventral nerve cord is unclear, but they may have 
divided a common function between them.    
 
3. Experimental Procedures 
3.1 Sequence Alignment 
Peptide sequences from all C. elegans PHB domain genes were obtained from the 
SMART protein database(Letunic et al., 2009).  The longest predicted isoform of each 
gene was used for alignment.  Sequences for STO-2 and STL-1 were modified based on 
sequenced cDNAs (data not shown); 33 amino acids were added to the predicted STO-2 
N-terminus and 3 internal amino acids were deleted from STL-1.  Sequences were 
aligned in Clustal X (Larkin et al., 2007) by neighbor joining and aligned manually.  This 
  
36 
alignment was used to draw an unrooted phylogram with Dendroscope (Huson et al., 
2007). 
3.2 Construction of GFP reporters 
 Transcriptional GFP fusions were generated by PCR amplification of upstream 
promoter regions from wild type genomic DNA.   Forward primers were designed to 
anneal 3’ of the next gene, up to a maximum distance of approximately 2kb.  The 
resulting promoter regions varied from 461bp to 2328bp in length.  PCR products used 
for TU#729 and 747-751 include the gene’s start codon; those for TU#954-956 do not.  
Forward primers were designed to add a PstI or SalI restriction enzyme recognition site; 
reverse primers add a BamHI site.  PCR products were digested with suitable enzymes 
and ligated into a gfp expression vector, pPD95.77 (A. Fire, 
ftp://www.ciwemb.edu/pub/FireLabInfo/FireLabVectors). TU#851, Podr-2bgfp , was made 
by amplifying 2.6kb upstream of the odr-2b start codon and ligating in pPD95.77 with 
XbaI/BamHI.   
To generate RFP reporters for co-expression experiments, TagRFP was amplified 
by PCR from pTagRFP-N (Evrogen) while adding AgeI and EcoRI sites.  The PCR 
product was used to replace gfp in pPD95.77, preserving the first artificial intron and the 
unc-54 5’ UTR.  A SalI/BamHI fragment containing Psto-3 was ligated into the multiple 
cloning site to create TU#962.  TU#851, Pflp-3rfp, was made by amplifying 2kb upstream 
of the flp-3 start codon and ligating in pPD95.77 with PstI/BamHI.  Pmec-3rfp was a gift 
from Irini Topalidou. 
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Translational fusions were constructed in a similar fashion.  Forward primers 
were designed to anneal immediately 3’ to the next gene (covering 333bp to 3.7kb of 
sequence) except for TU#947 and TU#953.  The forward primer used for TU#947 
anneals to an endogenous PstI site 1.7kb upstream of the sto-2 start codon.  Because 
C42C1.15 is predicted to be the third gene in an operon, the upstream genes were also 
amplified to construct TU#953. Reverse primers annealed 5’ of the stop codon in frame 
with gfp in pPD95.77.  PCR primers for all PHB-d reporters are given in Table 2. 
3.3 Transgenic Strains 
 MT1642 [lin-15(n765ts)] (Ferguson and Horvitz, 1985) animals were cultured by 
standard methods at 15°C (Brenner, 1974).  Transgenic strains carrying 
extrachromosomal arrays were generated by microinjection (Mello et al., 1991) with a 
lin-15 rescuing plasmid, pL15EK, at 50ng/µl.  Transcriptional fusions were injected at 5 
or 25ng/µl with 45 or 25ng/µl carrier DNA (pBS_SK, Stratagene).  Translational fusions 
were injected at 5ng/µl with 45ng/µl pBS_SK.  Injected animals were transferred to 25°C 
and transformants were transferred to individual plates.  Their offspring were screened 
for inheritance of the array.  Resulting stable transgenic lines were maintained at 25°C.  
3.4 Microscopy  
 Animals were mounted for microscopy on agarose pads (4% agarose, 1% 2,3-
butanedione monoxime, 0.1M HEPES, pH 6.9).  DiI (Molecular Probes) labeling was 
performed at 2µg/ml in M9 for 30minutes followed by thorough washing.  Live animals 
were examined on a Zeiss Axioskop 2 and an Olympus IX81 laser scanning confocal 
  
38 
microscope.  At least 30 animals per line were examined.  Confocal Z-stacks were 
collected at 1µm intervals and combined using Olympus Fluoview software.  Mosaic 
images were assembled in Adobe Photoshop.  Brightness and contrast of all images was 





Figure 1. (A.) Multiple sequence alignment of the C.elegans PHB-d proteins showing the 
hydrophobic stretch (red) and PHB-d (blue).  The arrow shows a proline in the 
hydrophobic stretch conserved in all the stomatins.  The line shows the stomatin 
signature motif.  (*) Conserved in all sequences.  (.) Conserved among the stomatins.  
(B.) Dendrogram showing the degrees of similarity between the PHB-d proteins.  The 8 




Figure 1.  sto gene expression reporters used in this study.  Upstream promoter regions 
(white) up to 2kb in length were amplified by PCR.   Transcriptional fusions end after the 
start codon; translational fusions for sto-1, sto-2, and sto-3 include introns and coding 
sequence (black) and end before the stop codon. PCR products were cloned in frame 







Figure 2. Non-sto PHB-d gene expression reporters used in this study.  Transcriptional reporters 
do not include the start codon but are otherwise similar to the sto genes.  The T953U# 
upstream region includes two genes (light grey) 5’ to C42C1.15 in the same operon.  







Gene Reporter Expression Pattern 
mec-2  ALM, AVM, PLM, PVM (Huang et al., 1995)5). 
Psto-1gfp 
ADL, ASH, ADF, AFD, ASK*, AWB†, PHA, LUA, PVC, ALN, 
DA9†, PVT†, PVP† 
sto-1 
sto-1::gfp 
Early Embryo: all cells 
L1/L2: AUA, ASH, ASI, ADL, ASK, AWA, AWB, ADF, ASG, 
ASJ, NSM, I6, M5, PHA, LUA, PVC, ALN, PVQ, PVP, SAB*†, 
RIF*†, ventral cord motorneurons, vpi cells, rectal epitheilum, 
repD, repV, vir cells, tail hyp 
Psto-2gfp AFD, AIY, AIZ, AVG, PVC sto-2 
sto-2::gfp AFD*†, AIY, AIZ, AVG, DDs,/VDs, PVC 
Psto-3gfp RIB, CEP, rectal gland cells sto-3 
sto-3::gfp RIB 
sto-4 Psto-4gfp 
ADA, AIN, AIZ, ALM, ALN (L1), AVD, AVF, AVJ, AVK, AVM, 
AWC, BDU, CAN ,DVA, DVC, FLP, HSN, I1, IL1, LUA (L1), 
NSM, OLso, PDE, PVC, PVQ (L1), PVR, PVT, PVW, RIC, 
RIG, RIH, RIV, RMG, SDQ, URB 
sto-5 Psto-5gfp BDU, FLP, ILso, M2, PQR 
sto-6 Psto-6gfp 
ADEsh*, AIY, AS, DAs/VAs, DBs/VBs, DVA, I1, I2, I3, I4, M5, 
NSM, RIA, RMD, RME, SAB, SMB, head muscles (L1) 
unc-1  
head neurons, ventral cord motor neurons, body-wall muscle, 
vulval muscle, stomatointestinal muscle, anal depressor 
muscle, tail neurons (Chen et al., 2007; Rajaram et al., 1999) 
unc-24  ALM, AVM, PLM, PVM, many neurons (Zhang, Ma, et al., 2004; Zhang et al., 2002)4) 
Pstl-1gfp 
URX, ALN, PLN, body muscle†, vulval muscle†, 
stomatointestinal muscle†, anal depressor muscle† stl-1 
stl-1::gfp URX, ALN, PLN, XXX 
C42C1.15 PC42C1.15gfp ASH, ADL, PHA, PHB 
phb-1 phb-1::gfp 
hypodermis, intestine, pharyngeal muscle, pharyngeal 
epithelium, excretory canal, uterine sheath,  seam cells†, 
vulval epithelium, somatic muscle*, IL2, RME 
Pphb-2gfp 
hypodermis, intestine, rectal gland cells, pharyngeal g1 
glands, pharyngeal muscle, seam cells, vulval epithelium 
phb-2 
phb-2::gfp hypodermis, intestine, pharyngeal muscle, pharyngeal g1 glands, excretory pore cell 
Table 1  . Expression patterns of PHB-d genes from this study and the literature.  (*) 




Figure 3. sto-1 transcriptional (A-C) and translational (D-H) reporters.  (A) Psto-1gfp is 
visible in one phasmid and several amphid neurons.  Expression in the posterior of 
the intestine is a common artifact of these reporters and is unlikely to reflect genuine 
sto-1 expression.  The brightest and most consistent cells were identified as (B) ADL 
by co-expression with Psrh-220rfp and (C) PHA as the anterior dye-filling cell in the tail. 
(D) sto-1::gfp appears excluded from the intestine by the two-fold stage. (E) sto-
1::gfp is visible in epithelium and amphid neurons at the 3-fold stage.  In L1, sto-
1::gfp is detectable in (F) amphid neurons and (G) newly arisen ventral nerve cord 






Figure 4. sto-2 transcriptional (A-C) and translational (D) reporters (A-C) Psto-2gfp is 
detectably expressed in PVC in the tail and AFD, AIY, AIZ, and AVG in the head, shown 
in (B) lateral and (C) D-V view.  (D) sto-2::gfp is expressed in these cells and in D-type 





Figure 5. sto-3 transcriptional (A-C, F) and translational (D,E) reporters.  (A) full animal 
view.  Psto-3gfp is expressed in (B) CEP and RIB in the head and (C) the rectal gland 
cells in the tail.  (D) The translational reporter is only detetable in RIB.  STO-3::GFP is 
present in puncta in the cell body and nerve ring, but excluded from the connecting 
process (dashed line).  The identity of RIB was confirmed by mapping the cell body 














Figure 7. The sto-5 transcriptional reporter is visible in FLP, BDU, and PQR (A).  Panel 
(B) shows the characteristic branching FLP morphology.  (C) The identity of FLP was 
confirmed by coexpression with Pmec-3rfp.  (D) The identity of PQR was confirmed by 







Figure 8. The sto-6 transcriptional reporter is visible in many neurons, including the A-







Figure 9. stl-1 transcriptional (A) and translational (B,C) reporters.  (A) Pstl-1gfp is 
expressed in URX, ALN and PLN.  stl-1::gfp is expressed in (A) URX and XXX in the 






Figure 10.  The C42C1.15 transcriptional reporter is visible in amphid (ASH and ADL) 




Figure 11. The (A) phb-1 and (B) phb-2 transcriptional reporters are detectable in many 





































































Table 2.  PCR primers used to construct PHB-d gene expression reporters.  Introduced 
















 Caenorhabditis elegans has 13 prohibitin homology domain (PHB-d) proteins.  
Five of these have striking behavioral (mec-2, unc-1 and unc-24) or developmental (phb-
1 and phb-2) phenotypes.  The functions of the remaining 8 genes are unknown.  To 
investigate the functions of the uncharacterized PHB-d genes, I examined mutant alleles 
of each for locomotory defects alone or in combination with knockdown of a second gene 
by RNAi; no phenotypes were found.  I found that one of the uncharacterized genes, sto-
1, is needed for sensitive chemotaxis to diacetyl.  This phenotype is likely to reflect 
chemotaxis mediated by the AWA sensory neurons.  Involvement of PHB-d proteins in 
chemosensation may be conserved in mammals.  Two murine PHB-d genes are highly 
expressed in olfactory sensory neurons, but no olfactory defect has been described in 
mice lacking either gene. 
Introduction 
C. elegans has 13 PHB-d proteins.  Five have been studied to a greater or lesser 
extent: mec-2, unc-1, unc-24, phb-1, and phb-2.  mec-2 and unc-24 function in 
mechanosensation; mec-2 is required for gentle touch sensation while unc-24 has a subtle 
role (Chalfie and Sulston, 1981; Zhang, Arnadottir, et al., 2004).  unc-1 and unc-24 are 
needed in the nervous system for the production of coordinated locomotion (Barnes et al., 
1996; Rajaram et al., 1998).  phb-1 and phb-2 are essential genes that are needed for 
embryonic development and maintenance of mitochondrial morphology (Artal-Sanz et 
al., 2003; Artal-Sanz and Tavernarakis, 2009b).  The functions of the remaining eight: 
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sto-1-6, stl-1 and C42C1.15 remain mysterious, but some functions are suggested by their 
expression patterns. 
 The six stomatin-like genes similar to mec-2 and unc-1 are expressed primarily in 
neurons.  Two, sto-2 and sto-6, are expressed in non-overlapping sets of ventral cord 
motoneurons and may function in locomotion. sto-1 is expressed in many amphid sensory 
neurons and STO-1 protein is localized to the sensory cilia in adults.  To investigate the 
functions of the uncharacterized PHB-d genes, I examined animals with mutations in 
each gene.  I found that sto-1 is needed for optimal chemotaxis to the volatile odorant, 
diacetyl. 
 C. elegans perceives its chemical environment via specialized ciliated neurons in 
the head and tail.  In the head, these are part of the bilaterally symmetrical amphid 
sensilla, each of which consists of twelve neurons with cell bodies located in the nerve 
ring that send processes to the tip of the nose.  Three amphid wing cell types that have 
elaborate cilia not directly exposed to the environment are responsible for sensation of 
volatile odorants (Ward et al., 1975).  The AWA and AWC neurons sense attractants; the 
AWB neurons sense repellents (Bargmann et al., 1993; Troemel et al., 1997).  
Chemotaxis to diacetyl, a product of bacterial metabolism, is better understood than to 
any other odorant.  Diacetyl is primarily sensed by the AWA neurons, which express a G 
protein coupled receptor (ODR-10) for diacetyl that is localized to the sensory cilia 
(Sengupta et al., 1996).  A pair of transient receptor potential (TRP) channel subunits 
(OSM-9 and OCR-2) are interdependently localized to the cilia and needed for sensitive 
chemotaxis to diacetyl and strong odr-10 expression (Colbert et al., 1997; Tobin et al., 
2002).  A nuclear receptor superfamily transcription factor (odr-7) is needed for odr-10 
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expression and all AWA chemosensory functions.  odr-7 mutants can still respond to 
high concentrations of diacetyl through the AWC neurons; ablation of the AWC cells in 
odr-7 mutants abolishes chemotaxis to diacetyl (Sengupta et al., 1994). 
Results 
Uncharacterized PHB-d gene mutants are superficially wild type 
 To investigate the functions of the uncharacterized C. elegans PHB-d genes, I 
obtained strains with deletion mutations in all of the sto genes, stl-1 and C42C1.15 from 
the National Bioresource Project of Japan.  One of these deletions (in sto-1) removes the 
start codon and is very likely to be a null allele.  Others are located toward the 3’ end of 
the gene or are sufficiently large that they are unlikely to produce functional protein, but 
the possibility cannot be ruled out.  All of the mutants were viable and grew normally 
when propagated under standard conditions.  All were superficially wild type in 
appearance and locomotion and all were touch sensitive.   
Standard C. elegans culture plates include a greater than 1000 fold excess of 
cholesterol over what is needed for growth.  Because of the evidence that cholesterol 
binding is important to PHB-d protein function, I hypothesized that the excess of 
cholesterol might compensate for the loss of a PHB-d gene and mask its phenotype.  To 
address this possibility, I propagated animals for two generations on low (10µM) 
cholesterol plates.  All grew normally and were superficially wild type. 
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No evidence for sto gene redundancy 
 The lack of obvious phenotypes in the six sto mutants could be because they exert 
subtle effects or because they are redundant.  To investigate possible redundancy, I would 
have liked to construct double mutants between all the sto genes.  Unfortunately, this was 
not feasible because many are located close together in a cluster on the X chromosome; 
sto-4 and sto-6 are adjacent.  Instead, I combined single mutations in each sto gene with 
knockdown of every other stomatin by RNA interference (RNAi).  Most neurons in C. 
elegans are refractory to feeding RNAi because they do not express a necessary 
transporter, sid-1 (Calixto et al., in press).  I crossed each single sto mutant with an 
integrated transgene that drives pan-neuronal expression of sid-1 (as well as yfp) to 
generate RNAi sensitive single mutant strains.  Single mutant animals were then fed 
bacteria expressing dsRNA against each of the other stomatins.  No growth or 
locomotory phenotypes were observed in any combination.  However, RNAi against unc-
1 or unc-24 was unable to reproduce the uncoordinated locomotion (Unc) phenotype of 
null mutations in either gene in any experiment, so no negative conclusion can be drawn 
from this result.  mec-2 and gfp controls produced touch insensitivity and diminished 
fluorescence respectively in each experiment, indicating that this was not a general 
failure. 
 In the absence of an obvious phenotype from any of the sto mutants I decided to 
investigate further the potential function of one of the sto genes, sto-1. Given that STO-
1::GFP is localized to amphid cilia (Chapter II) I examined a possible role of sto-1 in the 
function of these sensory organs. 
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sto-1 amphid neurons dye-fill normally 
 I initially tested for cilia defects by assaying the uptake of a lipophilic dye.  Six of 
the twelve amphid neuron classes (ASI, ADL, ASK, AWB, ASH and ASJ) take up and 
concentrate externally applied lipophilic dyes; all but AWB have externally exposed cilia 
(Hedgecock et al., 1985; Ward et al., 1975).  Mutants with amphid cilia defects have 
previously been identified by an abnormal dye-filling (Dyf) phenotype (Perkins et al., 
1986).  All six cell-types took up lipophilic dye normally in sto-1 mutant animals, 
indicating that the cilia are present and not grossly defective (Figure 1).  However, there 
may be subtle structural or functional defects not detected by this assay. 
 
sto-1 localization does not require osm-9 
 In the touch receptor neurons, the stomatin-like protein MEC-2 binds to and 
regulates the ion channel, MEC-4.  MEC-2 protein is mislocalized in mec-4 mutants 
(O'Hagan and Chalfie, 2006; Zhang, Arnadottir, et al., 2004).  Two of the three 
mammalian stomatins have been shown to regulate transient receptor potential channels 
(TRP).  I hypothesized that STO-1::GFP could be localized to cilia by binding to a TRP 
channel.  osm-9 is a TRPV channel expressed in 10 of the 12 amphid and both phasmid 
neuron types.  OSM-9 and another TRPV, OCR-2, that is expressed in a subset of the 
osm-9 expressing cells, are interdependently localized to amphid and phasmid cilia.  I 
examined STO-1::GFP localization in an osm-9 mutant background and found that STO-




sto-1 is needed for optimal chemotaxis to diacetyl 
 One of the functions of the amphid cilia is detection of volatile chemical odors.  I 
tested sto-1(tm1503) hermaphrodites for defects in chemotaxis by a standard assay.  
Animals were deposited on agar plates containing a volatile odorant at point A and 
diluent at point B.  To prevent sensory adaptation from influencing the results, sodium 
azide is added to both locations to paralyze arriving animals.  After one hour, positions 
are marked and a chemotaxis index (CI) equal to the number of animals at point A minus 
the number at point B and divided by the total is calculated.  CI values range from -1 if 
the odorant is strongly repellent to 1 if it is strongly attractive.  I found a slight but 
reproducible diminution in chemotaxis to low amounts of the attractant diacetyl (in the 
range of 0.1 to 1nl), which is primarily detected by the AWA neurons (Figure 3B; 
Bargmann et al., 1993).  I tested a second odorant, pyrazine, detected by the same cells; 
sto-1 animals occasionally performed worse than wild type, but that effect was not 
consistent (data not shown). 
Because the defect in chemotaxis to diacetyl is small, I verified that the phenotype 
was related to perception of the odorant rather than, for instance, decreased dispersal or 
insensitivity to sodium azide.  I calculated the percentage of animals trapped at point A 
when chemotaxis assays were run with 1nl, 0.1nl, or no diacetyl.  In the absence of 
diacetyl, there was no difference between wild type and sto-1 in the percentage of 
animals at point A (mean=38%) and the CI of both strains was near zero.  With 0.1nl 
diacetyl, the percentage of animals increased in the wild type more than in the sto-1 
strain, corresponding to a higher CI.  When 1nl was applied, the percentage at A and CI 
of the sto-1 animals again began to approach wild type (Figure 3C).  These results 
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demonstrate conclusively that the sto-1 phenotype is caused by diminished perception of 
or reaction to diacetyl. 
STO-1 protein is not detectable in AWA sensory cilia 
 sto-1 is expressed in the AWA amphid neurons during the first larval stage (L1) 
and is localized to amphid sensory cilia in adults (Chapter 2).  To test whether STO-1 is 
localized to the AWA sensory cilia specifically, I introduced an RFP-tagged STO-1 
transgene to a strain with GFP-marked AWA cilia (Sengupta et al., 1996).  Surprisingly, 
they did not colocalize; transgenic STO-1::RFP is visible in amphid cilia but not in AWA 
(Figure 4A).  sto-1 may play a role in diacetyl chemotaxis outside of AWA, it may be 
needed in AWA in development, or it may actually be present in AWA cilia but not at a 
detectable level. 
sto-1 does not affect AWA-independent chemotaxis. 
 Although the AWA neurons are the primary diacetyl sensors, some response 
remains when they are ablated.  To test whether sto-1 acts in the AWA-independent 
system, I tested the double mutant of sto-1 with odr-7.  odr-7 is a transcription factor 
necessary for all olfactory functions in AWA; although odr-7 mutant cells are 
morphologically normal, they do not express AWA-specific genes, including odr-10, the 
diacetyl receptor (Sengupta et al., 1994, 1996).  odr-7 mutants are much less sensitive to 
diacetyl, but they are still attracted to high amounts.  The sto-1odr-7 double mutant is as 
sensitive to diacetyl as the odr-7 single mutant, suggesting that sto-1 does not affect 
AWA-independent chemotaxis (Figure 5C).   
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I tested sto-1 chemotaxis to two additional attractants (benzaldehyde and 
pyrazine) that are primarily sensed by the AWC neurons, which do not express sto-1, 
rather than by AWA (Bargmann et al., 1993). No defect was seen in response to either 
odorant (Figure 5A,B). 




 I examined partial deletion mutants of all of the previously uncharacterized C. 
elegans PHB-d genes (sto-1-6, stl-1 and C42C1.15) and found them to be superficially 
wild type.  The lack of obvious phenotype could be caused by any of a number of factors.  
Firstly, the mutants obtained may not be null; only sto-1(tm1503) removes the start 
codon.  Even in this case, it is possible that another start codon could be used to produce 
functional or semi-functional protein.  Some of the mutations (sto-3(tm1488), stl-
1(tm1544), C42C1.15(tm2703)) delete substantial portions of the gene; others are more 
mild.  Secondly, the loss of function phenotype of the gene may not be observable by our 
analysis, either because it is subtle or because it is specific.  More sophisticated 
computer-based analysis of locomotion in the mutants may reveal subtle defects not 
obvious to human observers.  Because many of the genes are expressed in sensory 
neurons, they may have defects in sensory modalities that I have not tested.  Finally, they 
may be redundant.  The number of stomatin like genes appears to have at least doubled 
within the nematode lineage; the sequenced Caenorhabditis genomes have eight 
stomatins, while the more distantly related nematode, Pristionchus pacificus, has four.  
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All are located on the X chromosome and three (sto-3, sto-4, and sto-6) form a tight 
cluster with only one intervening gene (Harris et al., 2010).   
 I found no evidence for redundancy by RNAi knockdown of sto genes in sto 
mutant backgrounds.  However, I cannot exclude the possibility of redundancy.  As 
discussed above, the mutant alleles may not be null.  The efficiency of RNAi varies 
widely by gene and tissue; any given knockdown plasmid may be ineffective against its 
target in the cells where it is needed. The degree of knockdown necessary to reproduce 
the loss of function phenotype of a gene is also variable.  To increase the likelihood of 
seeing a phenotype, I performed the screen in a transgenic background with greatly 
enhanced sensitivity to RNAi in neurons.  In this background, RNAi against genes 
needed for the function of the touch receptor neurons produces Mec phenotypes, but they 
are rarely as severe as the null mutants (Calixto et al., in press). The failure of unc-1 and 
unc-24 RNAi plasmids to reproduce the loss of function phenotypes of either gene 
illustrates this difficulty.  In the case of unc-1, a null allele can be rescued by expression 
of wild type unc-1 from the same pan-neuronal promoter (unc-119) used to confer 
sensitivity to RNAi (Chen et al., 2007).  PHB-d genes are not refractory to RNAi in 
general, because knockdown of mec-2 does produce a Mec phenotype.  Finally, although  
I cannot currently exclude the possibility of redundancy, the low overlap between 
stomatin gene expression patterns (Chapter II) argues against redundancy.   
 I found a subtle chemosensory defect in sto-1 mutant animals.  The response of 
sto-1 mutant animals to the attractant diacetyl is shifted to the right: a higher 
concentration of diacetyl is required to attract the same fraction of animals in an assay, 
but at high enough concentration, all of the animals will still go to the odorant.  While 
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sto-1 animals consistently chemotax to diacetyl less well than wild type, there is a plate to 
plate and experiment to experiment variability in the degree of the effect.  Variability 
most likely arises because in order to see this phenotype, I am forced to use very low 
concentrations of attractant.  Chemotaxis of wild type worms to high concentrations of 
diacetyl is quite robust and mutations that have phenotypes at high concentration are 
relatively easy to work with.  As concentrations become very low, distribution of the 
animals is more random and also more easily influenced by uncontrolled stimuli; this 
effect is visible as a negative correlation between the volume of diacetyl and the size of 
the error bars in figure 2B.  Furthermore, volatile odorants can be expected to gradually 
evaporate over the course of the assay.  If the starting amount is small, it is possible that 
none remains at the source by the end of the assay.  A variation of the standard 
chemotaxis assay that compares the preference of animals presented with two different 
odorants gave less consistent results (data not shown; Lee and Portman, 2007).  However, 
none of these factors is likely to introduce any systematic variation between wild type 
and sto-1 mutants.  Although the signal to noise ratio is low, this is a genuine chemotaxis 
phenotype because no difference is seen in the behavior of wild type and sto-1 animals 
under assay conditions in the absence of diacetyl. 
 Diacetyl is sensed primarily by AWA; when these are inactivated, a residual 
response remains that requires the AWC neurons (Bargmann et al., 1993; Chou et al., 
2001).  sto-1 is expressed in AWA during development and STO-1::GFP is localized to 
amphid cilia, but it is not detectable in the AWA cilia.  It is possible that sto-1 acts in 
AWA-independent chemotaxis through the, less well understood, AWC pathway, but 
unlikely.  sto-1 mutation had no effect on chemotaxis to two AWC specific odorants. 
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Because the contribution of AWC to diacetyl chemotaxis is minor when AWA is 
functional, a mutation in the AWC pathway is unlikely to produce a phenotype unless it 
is severe.  Instead, I found that mutation of sto-1 has no effect on the residual response 
when AWA is inactivated by mutation of odr-7.  Furthermore, I did not detect sto-1 
expression in the AWC neurons at the peak of its expression during the first larval stage 
(L1) of development.  STO-1 may be present and needed in AWA cilia at low levels or it 
may function during development.  Alternately, it may be needed for AWA-mediated 
chemotaxis to diacetyl outside of AWA; 7 of the 15 cell types with synaptic connections 
to AWA also express sto-1.   
 Expression data suggests that stomatins have a conserved role in olfaction in 
mammals.  While murine stomatin is broadly expressed, (Wetzel et al., 2007) found 
a100-fold enrichment in stomatin mRNA in the olfactory epithelium (OE) relative to any 
other tissue surveyed.  Mouse stomatin like protein-3 (STML-3), also called stomatin 
related olfactory protein (SRO), was independently cloned by two groups as a gene 
expressed specifically in the OE (Goldstein et al., 2003; Kobayakawa et al., 2002).  Both 
groups reported that STML-3 protein is localized to the sensory cilia of olfactory sensory 
neurons.  The evidence that STML-3 plays a role in olfaction remains circumstantial 
because, although a mechanosensory phenotype of STML-3 knockout mice has been 
described, no olfactory phenotype has been reported.  Our results constitute the first 
demonstration of a functional involvement of a stomatin in chemosensation.    
Methods 
Strains and maintenance 
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C. elegans strains used in these experiments were cultured by standard methods  
on Nematode Growth Medium plates containing 13µM cholesterol and fed with OP50 E. 
coli at 20°C unless otherwise indicated (Brenner, 1974).  To test the effects of low 
cholesterol, animals were cultured for two generations on sterol-free NGM supplemented 
with cholesterol to 10nM or 10µM and fed NA22 E. coli because OP50 does not grow 
well on sterol-extracted media (Matyash et al., 2004).  
The National Bioresource Project of Japan provided sto-1(tm1503), sto-
2(tm1475), sto-2(tm1482), sto-3 (tm1488), sto-4 (tm1495), sto-4(tm1638), sto-5(tm1471), 
sto-6(tm1493), sto-6(tm1608), sto-6 (tm1610), stl-1(tm1549), and C42C1.15(tm2703).  
Previously described strains containing osm-9(ky10) (Colbert et al., 1997), odr-7(ky4) 
(Sengupta et al., 1994), kyIs37[Podr-10gfp; lin-15(+)], and kyIs53[odr-10::gfp; lin-15(+)] 
(Sengupta et al., 1996) were provided by the Caenorhabditis Genetics Center, which is 
funded by the NIH National Center for Research Resources (NCRR). 
All strains used in RNAi experiments contained an integrated transgene that 
confers neuronal sensitivity to RNAi: uIs60(Punc-119sid-1; Punc-119gfp) (Calixto et al., in 
press).  Genotypes of the strains were uIs60, uIs60; sto-1(tm1503), uIs60; sto-2(tm1475), 
uIs60; sto-3(tm1488), uIs60; sto-4(tm638), uIs60; sto-5(tm1471), and uIs60; sto-
6(tm1610). 
 To construct the sto-1(tm1503) odr-7(ky4) double mutant, kyIs37[Podr-10gfp] was 
used as a marker for wild type odr-7 and was first crossed into both single mutant strains.  
Consequently, genotypes of strains used in Figure X were: kyIs37, kyIs37; odr-7(ky10) 
and kyIs37; sto-1(tm1503 )odr-7(ky10). 
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 Transgenic strains were generated by microinjection (Mello et al., 1991).  
TU#995 (sto-1::rfp) was injected in kyIs53[odr-10::gfp] animals at 25ng/µl with a 
dominant rol-6(su1006) injection marker (Mello et al., 1991) at 30ng/µl and 45ng/µl 
carrier DNA (pBS_SK; Stratagene).  TU#946 (sto-1::gfp) was injected in osm-9(ky10) 
animals at 25ng/µl with 20ng/µl Pmec-3rfp injection marker (Irini Topalidou) and 55ng/µl 
pBS_SK. 
Plasmids 
 Plasmids for RNAi against mec-2, sto-1-5, and unc-24 were obtained from the C. 
elegans feeding RNAi library (Kamath and Ahringer, 2003).  Because sto-6 and unc-1 
are not in the library, I constructed equivalent plasmids.  Approximately 1kb of genomic 
DNA from the 3’ end of each gene was amplified by PCR.  Primers for sto-6 introduced 
flanking EcoRV recognition sites to the PCR products (Fwd: 5’-
CGGATATCGCAGCAGAAGGAGAGAAGAATGCGTC-3’, Rev: 5’-
CGGATATCTCAGCTGTACTTCAGCGCACCC-3’).  Primers for unc-1 introduced 
flanking EcoRI sites (Fwd: 5’-CGCGAATTCCGAGACCATTCTTGATGAAGG-3’, 
Rev: 5’-GCGGAATTCGTAGAATTGTGCTCAGCTCTG-3’).  PCR products were 
digested with the appropriate enzymes and ligated into the feeding RNAi plasmid L4440 
(Fire et al., 1998).  The contents of all RNAi plasmids were confirmed by sequencing. 
 The sto-1::gfp expression plasmid was described in chapter 2 of this work.  To 
construct the sto-1::rfp plasmid (TU#995), a PstI/BamHI fragment of TU#946 containing 
the sto-1 promoter and coding region was ligated into TU#957, a pPD95.77 -derived 





 RNAi was performed as described previously (Kamath et al., 2001).  Briefly, 
single HT115 bacteria cultures containing L4440-derived plasmids were used to inoculate 
3ml LB with 50µg/ml ampicillin cultures that were incubated for ~6 hours at 37°C.   
Bacteria was spread on NGM plates containing 1mM IPTG and 25µg/ml carbenicillin 
and induced for 24 to 48 hours at room temperature.  Embryos were isolated from gravid 
adult animals by hypochlorite treatment and ~30 were deposited per plate.  Animals were 
cultured at 15°C and observed as L4 larvae and young adults.  Two animals per plate 
were transferred to fresh RNAi plates and allowed to lay eggs and their offspring were 
observed as above.  Positive controls were touch sensitivity of animals treated with RNAi 
against mec-2 and diminishment of pan-neuronal YFP fluorescence in animals treated 
with RNAi against gfp.  Every combination of mutant and RNAi bacteria was tested on at 
least three plates per experiment in at least two independent experiments.  
 
Chemotaxis Assays 
 Chemotaxis assays were performed as described (Hart (ed.), 2006).  Briefly, 10cm 
plates containing 10ml 2% agar, 5mM potassium phosphate, 1mM calcium chloride and 
1mM magnesium sulfated were labeled with two diametrically opposed dots (A and B) 
0.5cm from the edge of the plate and an ‘X’ 5cm equidistant from both points; 1µl 1M 
sodium azide was added to A and B immediately prior to the start of the assay.  Young 
adult animals were washed from a culture plate in 1ml PBS and washed 3 times in PBS 
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and once in water to remove any bacteria.  Approximately 100 animals were deposited in 
a drop of ~20µl water at the X on the assay plate.  1µl attractant diluted in ethanol was 
deposited at point A and 1µl ethanol was deposited at point B.  Excess water was 
removed with a Kimwipe and animals were left to crawl for 1 hour at room temperature 
before their positions were recorded.  Animals at point A and point B (within 2cm) and 
the total number of worms were counted; unmoving animals, remaining at the origin, 
were ignored.  A chemotaxis index (C.I.) for the plate was calculated by the formula C.I. 
=(A-B)/total.  A minimum of 4 plates per genotype and attractant were tested in each 
assay.  Statistical significance was evaluated using Student’s t-test.  Avoidance assays 
were performed in a similar fashion, but using square 10cm plates with 12.5ml agar.  
Repellent and diluent were placed in two spots each on opposing sides of the plate.  To 
calculate the C.I., the plate was divided into thirds.  All assays were performed and 
scored blind as to genotype.   
 
Microscopy  
Animals were mounted for microscopy on agarose pads (4% agarose, 1% 2,3-
butanedione monoxime, 0.1M HEPES, pH 6.9).  DiI (Molecular Probes) labeling was 
performed at 2µg/ml in M9 for 30minutes followed by thorough washing.  Live animals 
were examined on a Zeiss Axioskop 2 and an Olympus IX81 laser scanning confocal 





Figure 1. sto-1 mutants dye-fill normally.  Both panels show a confocal z-stack taken 
through one side of the head of an adult animal.  Six neurons take up the lipophilic dye, 





Figure 2. STO-1::GFP localization does not require osm-9.  STO-1::GFP is localized to 
(A.) amphid and (B.) phasmid cilia in osm-9(ky10) mutant animals.  Introduction of a wild 
type copy of osm-9 by mating does not change the localization (C.,D.)  Yellow cells seen 






Figure 3. sto-1 mutants are weakly defective in chemotaxis to diacetyl.  (A.) Chemotaxis 
assay diagram.  An attractant diluted in ethanol placed at point A, ethanol is placed at 
point B and animals are deposited at X.  After one hour, a chemotaxis index is calculated 
that ranges from -1 for highly repulsive to 1 for highly attractive.  (B.) Dose response 
curve of wild type (black line) and sto-1 mutant (red line) animals to diacetyl. (*) P<0.05  
(C.) The percentage of wild type (white bars) and sto-1 mutant (black bars) animals at 
point A is identical in the absence of diacetyl; the percentage of wild type animals 
increases more rapidly with increasing amounts of attractant.  (D.) Data from the same 





Figure 4. STO-1 is not detectable in AWA cilia.  (A.) STO-1::RFP does no colocalize with 





Figure 5. sto-1 mutations do not impair chemotaxis outside of AWA.  sto-1 mutants 
(black bars) are no less sensitive than wild type (white bars) to AWC odorants (A.) 
benzaldehyde or (B.) isoamyl alcohol.  (C.) sto-1 mutations have no effect on AWA-
independent chemotaxis. odr-7 (gray bars) are less sensitive to diacetyl than wild type 
(black bars), but retain an AWA-independent response to high volumes that is not 















 C. elegans senses gentle body touch via a mechanosensory channel complex that 
contains two Degenerin/Epithelial sodium channel (DEG/ENaC) subunits and two 
prohibitin homology domain (PHB-d) proteins.  One of the PHB-d proteins (UNC-24) 
has a C-terminal sterol carrier protein 2 (SCP-2) domain.  UNC-24 has a subtle 
mechanosensory abnormal (Mec) phenotype that is only detectable in combination with a 
second sensitizing mutation.  The other PHB-d (MEC-2) is essential for channel function. 
I show here that unc-24 is needed for proper localization of MEC-2 to the channel 
complex, but that this function is unlikely to underlie the unc-24 Mec phenotype.  This 
result supports the hypothesis that PHB-d/SCP-2 proteins have a conserved role in 
localizing other PHB-d proteins but demonstrates that UNC-24 must have a second, 
unknown, role in mechanosensation. 
Introduction 
 C. elegans senses gentle touch via six Touch Receptor Neurons (TRNs) that 
extend processes that cover much of the length of the animal (Chalfie et al., 1985).  Many 
genes that can be mutated to produce a Mechanosensory abnormal (Mec) phenotype have 
been identified through genetic screens (Chalfie and Sulston, 1981; Chalfie and Au, 
1989).  These include genes encoding extracellular matrix (ECM) proteins (MEC-1, 
MEC-5, and MEC-9) and specialized tubulins (MEC-7 and MEC-12).  Components of 
the mechanosensory channel that opens in response to touch include two pore-forming 
Deg/ENaCs (MEC-4 and MEC-10) a paraoxonase-like protein (MEC-6) and two PHB-d 
proteins (MEC-2 and UNC-24).  (reviewed in Bounoutas and Chalfie, 2007)  
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Mechanosensory channel complex components co-localize to regular puncta along the 
TRN processes.  The ECM components and MEC-6 are all required for punctate 
localization of MEC-4; MEC-4 is required for localization of MEC-2.  (Emtage et al., 
2004; Zhang, Arnadottir, et al., 2004)  
The PHB domain is an evolutionarily ancient domain found across all taxa in 
proteins with diverse functions.  In mammals, PHB-d proteins are involved in T-cell 
activation, kidney function, and cancer, and have a conserved role in mechanosensation 
(Kirchhof et al., 2008; Boute et al., 2000; Mishra et al., 2005; Wetzel et al., 2007).  
Common properties of PHB-d proteins include membrane localization, association with 
lipid rafts and cholesterol, oligomerization, and regulation of other membrane proteins 
(Browman et al., 2007).  While the PHB-d is the only described protein domain in MEC-
2, UNC-24 also contains a Sterol Carrier Protein 2 (SCP-2) domain 54% similar to 
human SCP-2 (Barnes et al., 1996).  SCP-2 is involved in lipid metabolism and transport; 
SCP-2 can bind a wide range of lipid substrates, including cholesterol, and transfer them 
between membranes (Schroeder et al., 2007).  
SCP-2 domain proteins bind a range of lipid substrates in multiple configurations 
in a flexible hydrophobic cavity (Dyer et al., 2008, 2009; Filipp and Sattler, 2007).  
Human SCP-2 can accommodate long chain fatty acids at two sites, one of which also 
binds cholesterol with nanomolar affinity (Stolowich et al., 1999).  Because of this 
complexity, it is difficult to assess the likely functionality and substrate specificity of the 
UNC-24 SCP-2 domain based on sequence.  UNC-24 has a methionine to leucine 
substitution that abolishes sterol transfer activity in A. thaliana SCP-2, but so does human 
SCP-2, which acts on sterols (Viitanen et al., 2006).  Of three residues that have been 
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mutated to abolish SCP-2 lipid transfer activity, one is identical in UNC-24 (D363) and 
the other two are conservative substitutions (I314 for L and S397 for N) (Seedorf et al., 
1994).   
MEC-2 is essential for mechanoreceptor channel function; mec-2 null mutant 
animals do not respond behaviorally or elecrophysiologically to gentle touch (Chalfie and 
Sulston, 1981; O'Hagan et al., 2005).  MEC-2 can oligomerize and bind MEC-4, MEC-
10, and cholesterol.  MEC-2 affinity for cholesterol can be diminished by elimination of 
two palmitoylation sites in the PHB domain.  Animals containing this mutation are touch 
sensitive under ordinary culture conditions with excess cholesterol but become touch 
insensitive when cultured on low cholesterol.  These results have led to a model in which 
MEC-2 binding to MEC-4 nucleates an oligomeric MEC-2 assemblage that locally 
enriches the membrane in cholesterol and creates a lipid environment necessary for 
channel function (Huber et al., 2006).  The role of the second PHB-d protein, UNC-24, in 
the mechanosensory channel complex is much less clear. 
Mutations in unc-24 produce an obvious Uncoordinated locomotion (Unc) 
phenotype in which the normally smooth sinusoidal body wave is disrupted or kinked but 
have little or no effect on mechanosensation.  However, a strong Mec phenotype is seen 
when an unc-24 mutation is combined with a second sensitizing mutation (Zhang, 
Arnadottir, et al., 2004).  Although MEC-2 expression is restricted to the TRNs, UNC-24 
is widely expressed in the nervous system (Huang et al., 1995; Rajaram et al., 1999).  In 
the ventral nerve cord motoneurons, UNC-24 interacts with another PHB-d protein, 
UNC-1.  UNC-24 is needed for the localization of UNC-1; unc-24 mutant neurons have 
low levels of UNC-1 in the cell body and none in the process.  UNC-1 co-
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immunopreciptates with another Deg/ENaC, UNC-8, and all three proteins are localized 
to the detergent resistant membrane fraction in C. elegans extracts.  .  In cell culture 
experiments, the mammalian UNC-24 homolog, Stomatin Like Protein-1 (STML-1), co-
immunopreciptates with Stomatin, a homolog of MEC-2, and overexpression of STML-1 
alters Stomatin subcellular localization (Mairhofer et al., 2009).  UNC-24 binds both 
MEC-2 and MEC-4 (Zhang, Arnadottir, et al., 2004).  Although UNC-24 is not needed 
for MEC-2 to bind MEC-4 in vitro, it may be required for MEC-2 localization in vivo.   
The mild Mec phenotype of UNC-24 could be caused by disrupted localization of 
MEC-2 to the mechanoreceptor complex or because UNC-24 itself is needed for channel 
activity.  The significance of the SCP-2 domain in STML-1 and UNC-24 is unknown 
both in relation to localization of other PHB-d proteins and more generally to protein 
function.  A reasonable hypothesis is that it may contribute in a non-MEC-2-redundant 
manner to creating the cholesterol enriched membrane environment the mechanoreceptor 
complex requires.  To address these questions, I investigated whether mutation of unc-24 
affected MEC-2 localization or MEC-4 functional sensitivity to cholesterol concentration. 
Results 
MEC-2 localization is disrupted in unc-24 mutants.  
I hypothesized that the sensitized unc-24 touch defect might be due to 
mislocalization of MEC-2.  MEC-2 is normally localized into regular puncta; the severity 
of the Mec phenotype of most mec-2 alleles correlates with the extent to which its 
localization is disrupted (Zhang, Arnadottir, et al., 2004).  I examined MEC-2 
localization in unc-24 mutants using an antibody raised against the N-terminal of MEC-2.   
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MEC-2 was present in TRN process, but in long irregular dashes rather than small, 
regular puncta (Figure 1B).  The phenotype was most visible at the distal end of the ALM 
and AVM processes, where wild type puncta are already somewhat less regular, but was 
also noticeable in the posterior TRNs. 
Because MEC-4 is needed for MEC-2 localization, MEC-2 mislocalization could 
be due to mislocalization of MEC-4.  To test this, I examined MEC-4 localization in wild 
type and unc-24 animals using a YFP-tagged transgene.  MEC-4 was distributed 
normally in the mutants, indicating that UNC-24 acts downstream of MEC-4 in channel 
complex assembly (Figure 1C).   
 
unc-24(e1172) behaves like unc-24(e138). 
Studies of unc-24 in the touch system to date have exclusively employed the e138 
allele, a nonsense mutation that truncates the majority of the PHB domain and the entire 
SCP-2 domain.  I examined two additional alleles of unc-24 that show similar Unc 
phenotypes to e138: e448 and e1172 (Figure 1A).   e448 is a missense mutation located 
in the middle of the PHB-d.  e1172 is a frameshift mutation located at the end of the PHB 
domain that is predicted to run out of frame for 33 amino acids before terminating 
(Barnes et al., 1996).  Because e1172 spares most of the PHB domain while eliminating 
the SCP-2 domain entirely, it could behave differently from the other alleles in the touch 
system.  If the protein produced is non-functional, it could bind to and interfere with 
MEC-2 or MEC-4, producing a stronger Mec phenotype.  Alternately, if the SCP-2 
domain is dispensable for touch, it could have no Mec phenotype.  Another possibility is 
that no e1172 protein might be produced, either due to nonsense mediated decay (NMD) 
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of the mRNA or to misfolding of the peptide.  Although I cannot exclude the latter 
possibility, which remains a potential problem, I could address the former by placing 
unc-24(e1172) in a smg-4 background, which prevents NMD (Pulak and Anderson, 
1993). 
 All three alleles behaved identically in a gentle touch assay in which animals were 
touched 5 times each in the anterior and posterior with an eyebrow hair: e138, e442, and 
e1172 responded to 4.1±0.3, 4.2±0.1, and 4.5±0.2 touches in the posterior, compared to 
4±0.1 for wild type.  The difference in anterior response is likely not a true Mec 
phenotype because a similar defect is seen when animals are touched with a wire in a 
harsh assay (Zhang, Arnadottir, et al., 2004).  Elimination of NMD had no effect on the 
e1172 allele. Although touch sensation was not significantly affected by any of the 
alleles, MEC-2 distribution was disrupted in a similar manner by all of them (Figure 
1A,D).  These results demonstrate that it is possible to disrupt MEC-2 distribution 
without affecting TRN function. 
 I combined unc-24(e1172) with a sensitizing background mutation, mec-4(u45ts)  
(Gu et al., 1996).  u45 animals are Mec at 25°C but completely touch sensitive at 15°.  
unc-24(e1172) displayed a similar Mec phenotype to e138 in the sensitized background; 
e1172 responded to 0.7±0.2 touches, while e138 responded to 0.5±0.2 at 15°C (n=30; 
Figure 2B).  
 
 MEC-2 distribution in sensitized strains. 
  If the function of unc-24 in the touch neurons is to properly localize mec-2, I 
might expect that the unc-24(e138);mec-4(u45ts) double mutant, which is much less 
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touch sensitive than either single mutant, would have a more disrupted pattern of MEC-2 
puncta.  I examined MEC-2 distribution in mec-4(u45ts)  and mec-6(u247ts) strains with 
and without unc-24.  I saw that MEC-2 distribution was disturbed in mec-4ts and unc-24 
single mutants to a similar degree at the permissive temperature (Figure 2A).  Neither 
single mutant could be distinguished from the double mutant in blind tests.  There was no 
enhancement of this defect in the double mutants, even though those animals respond to 
fewer touches.  MEC-2 was distribution was only slightly disrupted in mec-6ts animals 
and the double mutant was similar to the unc-24 single mutant (Figure 2A). 
 
unc-24 does not enhance a weak mec-2 allele. 
 I tested whether unc-24(e138) could enhance a weak mec-2 allele.   mec-2(e1514) 
contains a missense mutation in the PHB domain (E299K) that produces a mild 
disruption in protein localization and an approximately 50% reduction in touch sensitivity 
(Zhang, Arnadottir, et al., 2004).  The mec-2(e1514);unc-24(e138) double mutant 
responds to touch to a similar degree as mec-2(e1514) and show a similar MEC-2 
distribution to unc-24(138) (Figure 3).   
 
unc-24 acts in the TRNs in touch sensation. 
 To confirm that unc-24 acts in the TRNs in touch sensation, I generated 
transgenic animals expressing unc-24 from a TRN-specific promoter (mec-18).  The Unc 
phenotype was not rescued.  In an unc-24(e138);mec-4(u45ts) background, two lines of 
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animals carrying Pmec-18unc-24::gfp on a stably-inherited extrachromosomal array were 
significantly more touch sensitive than siblings lacking the array (Figure 4B).   
No difference in MEC-2 localization was seen between Pmec-18unc-24::gfp 
positive and negative processes in an unc-24(e138) background (Figure 4A).   Co-
localization between UNC-24::GFP and MEC-2 was much less striking than in previous 
experiments in which unc-24::gfp was expressed from its endogenous promoter (Zhang, 
Arnadottir, et al., 2004).  UNC-24 covered much more of the process than MEC-2, 
although it was somewhat brighter in MEC-2 positive dashes.  UNC-24 staining appeared 
somewhat granular, but did not resemble the wild type MEC-2 punctate pattern.  The 
failure of Pmec-18unc-24::gfp to rescue MEC-2 distribution could be because it is needed 
outside the TRN or because of overexpression from the extrachromosomal array.  
Transgenic and unc-24 animals were equally touch sensitive (data not shown).  Together, 
these results demonstrate that it is possible to rescue TRN function in unc-24 mutants 
without restoring proper MEC-2 distribution. 
 
unc-24 TRN phenotypes are not enhanced by low cholesterol . 
Previous experiments have demonstrated that cholesterol is needed for optimal 
touch sensation in C. elegans.  Because UNC-24 contains two potential sterol-binding 
domains it may be required for optimal lipid composition of the TRN membrane either 
globally or in the local vicinity of the channel.  C. elegans is auxotrophic for cholesterol 
but requires only a small amount; standard culture plates contain a 1000-fold excess.  
Consequently, a need for UNC-24 to enrich the TRN membrane in cholesterol could be 
masked by laboratory culture conditions.  I tested touch sensitivity in unc-24(e138) 
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animals raised on the minimal amount of cholesterol required for growth.  No significant 
enhancement of touch insensitivity or the MEC-2 localization defect was seen (Figure 5). 
 
unc-24 mutation does not suppress TRN degeneration. 
 Several dominant mutations in mec-4 that cause the channel to be constitutively 
open (mec-4d mutations) lead to touch receptor cell death.  The mec-2(u37) null mutation 
is completely touch insensitive but does not suppress mec-4d-mediated TRN 
degeneration (Goodman et al., 2002; Chalfie and Wolinsky, 1990).  Consequently, a mec-
2 ;mec-4d background can be used to study possible effects of unc-24 on the 
mechanotransduction channel in vivo in the absence of mec-2.  I examined TRN 
degeneration in a triple mutant strain in which the touch cells were labeled with YFP.  At 
1 hour and 18 hours after hatching, individual PLMs were difficult to distinguish, so the 
wild type count is presumably an underestimate.  Although the AVM and PVM neurons 
arise simultaneously ~9 hours after hatching (Sulston and Horvitz, 1977), PVM cells 
were not yet visible by the 18 hour time point because the mec-17::yfp transgene used to 
label the TRNs is only weakly expressed in those cells.  PVM cell death in mec-
4(e1611)d animals peaks at ~45 hours after hatching (Hall et al., 1997).  The number of 
surviving cells was only marginally elevated in the unc-24; mec-2 double mutant (Figure 
6).  I tested whether TRN degeneration is cholesterol dependent by counting surviving 
ALMs and PLMs in newly hatched animals from parents that had been cultured for one 
generation without cholesterol.  Cholesterol concentration had no effect in any genetic 





 In addition to MEC-2 and UNC-1, C. elegans has six other PHB-d proteins 
similar to human stomatin, designated STO-1 through STO-6.  To test whether other 
stomatin like genes require unc-24 for proper distribution, I examined the localization of 
two STO proteins in the absence of unc-24.  GFP-tagged STO-1 and STO-3 were 
expressed from extrachromosomal arrays and crossed into an unc-24 background.  STO-
1::GFP is localized to amphid and phasmid sensory cilia, while STO-3::GFP appears in a 
punctate pattern in the nerve ring processes of RIB interneurons (Chapter II).  Neither 
pattern was altered in an unc-24 background (Figure 7).  This result does not rule out the 
possibility that unc-24 may be needed for punctate distribution of other C. elegans 
stomatins.  In particular, it could be needed for the punctate localization of STO-2::GFP 
seen in ventral cord motoneurons (Chapter II).   
 Mutations in the six sto genes produce no or subtle defects in locomotion, 
although sto-2, sto-6 and possibly sto-4 are expressed in motoneurons.  To test for 
interactions with unc-24, I constructed double mutants of each sto gene with unc-
24(e138).  All appeared phenotypically identical to the unc-24 single mutants (data not 
shown).  Subtle locomotion defects might be detectable by machine imaging.   
 
Discussion 
 UNC-24 was previously shown to be necessary for proper UNC-1 localization.  
Here, I show that it is also needed for MEC-2 localization.  The effect of unc-24 
mutations on UNC-1 localization is more drastic than on MEC-2; UNC-1 is restricted to 
the cell body while MEC-2 is present in the processes.  Perhaps accordingly, unc-24 is 
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critical for coordinated locomotion, but has only a subtle effect on mechanosensation.  
Stomatin-like PHB-d genes do not universally require UNC-24 for their localization 
because STO-1 and STO-3 are distributed normally in unc-24 mutants.  Although C. 
elegans has three other SCP-2 domain proteins, it is unlikely that they could localize 
STO-1 or STO-3 in a manner analogous to UNC-24 because all of them contain 
peroxisomal targeting sequences and none of them has a PHB-d (Edqvist and Blomqvist, 
2006). 
 UNC-24 is needed in the TRNs for optimal touch sensation; the previously 
described strong unc-24; mec-4ts Mec phenotype can be rescued by TRN-specific 
expression of unc-24.  In unc-24 mutant TRNs, the core of the mechanoreceptor channel 
complex is localized normally in puncta along the cell process but MEC-2 localization to 
the channel complex is disrupted.  However, two lines of evidence from these studies 
suggest that unc-24 has a role in mechanosensation beyond MEC-2 localization.   
 Firstly, enhancement of the Mec phenotype by unc-24 mutations does not 
correlate with enhancement of the MEC-2 distribution phenotype.  MEC-2 is 
mislocalized to a similar degree in mec-4ts and unc-24 single mutants at the permissive 
temperature, where both strains are touch sensitive.  The double mutant is touch 
insensitive, but MEC-2 distribution is no different from the single mutants.  Interpretation 
of these results is complicated by the likelihood that MEC-4 itself is mislocalized in mec-
4ts animals.  Although the distribution of MEC-2 appears similar, it may colocalize with 
MEC-4 in the mec-4ts but not the double mutant.  MEC-2 is distributed normally in the 
mec-6ts single mutant at 15°C.  MEC-2 distribution in the double mutant with unc-24 
resembles the unc-24 single mutant, but the double is much less touch sensitive.  mec-
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2(e1514) single mutants have mild Mec and MEC-2 distribution phenotypes. The severity 
of MEC-2 mislocalization in PHB domain mec-2 missense mutants, such as e1514, 
correlates with touch insensitivity (Zhang, Arnadottir, et al., 2004).  Mutation of unc-24 
enhances the MEC-2 distribution phenotype without reducing touch sensitivity.    
Secondly, the unc-24 Mec phenotype can be rescued independently of MEC-2 
distribution.  TRN specific expression of UNC-24::GFP substantially restores touch 
sensitivity to unc-24; mec-4ts animals, but does not restore localization to puncta. The 
failure to rescue could be because UNC-24 is needed outside the TRNs or, more likely, 
because UNC-24::GFP itself is localized continuously along the process.  UNC-24::GFP 
present in mechanoreceptor channel puncta may be masked by excess protein from the 
mec-18 promoter.  Taken together, the de-coupling of MEC-2 distribution with touch 
insensitivity in both enhancing and rescuing experiments suggests that unc-24 has an 
additional role in touch sensation. 
 I did not find evidence for a MEC-2-independent role of UNC-24 in 
mechanoreceptor channels in mec-4d mutants.  TRN degeneration in unc-24;mec-2mec-
4d mutants was not significantly different from mec-2mec-4d or mec-4d.  That mec-2 
mutations do not suppress mec-4d is puzzling, because MEC-2 increases current through 
MEC-4d approximately 40-fold in Xenopus oocytes (Goodman et al., 2002).  Brown et al. 
(2008) demonstrated via single channel recordings that MEC-2 has minimal effect on 
MEC-4d single channel conductance and open probability.  MEC-2 had no effect on 
surface expression of MEC-4, which led to a model in which expression of MEC-2 in 
oocytes increases the acts to switch MEC-4d from a silent state to an active state in which 
the channel can be opened.  UNC-24 does not increase the MEC-4d current in the 
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absence of MEC-2, which is consistent with the in vivo results presented here (Zhang, 
Arnadottir, et al., 2004).  Although the mechanotransduction complex contains two PHB-
d proteins, there is no evidence for any degree of redundancy between them. 
 If the unc-24 sensitized Mec phenotype is unrelated to MEC-2 localization, the 
hypothesis that the UNC-24 SCP-2 domain may perform a non-essential, non-redundant 
with MEC-2 role in creating the TRN membrane lipid environment of the 
mechanotransduction channel is appealing.  The sensitized Mec phenotype of unc-
24(e1172), which lacks the SCP-2 domain, supports this idea.  However, MEC-2 is 
mislocalized in e1172 even though the SCP-2 domain is dispensable for UNC-24 binding 
to MEC-2 and MEC-4 (Zhang, Arnadottir, et al., 2004), suggesting that e1172 may 
simply produce a non-functional protein.  I did not find any evidence for this model by 
studying mec-4(+) (via touch) or mec-4d (via TRN degeneration) activity in animals 
raised on minimal cholesterol, the only lipid specifically known to be required for touch.  
This could be because UNC-24 does not function in this way, because the SCP-2 domain 
is transporting a different lipid substrate, or because the touch system is too well buffered 
for cholesterol.  
 
 
Materials and Methods 
Strains and Maintenance 
C. elegans strains used in these experiments were cultured by standard methods 
on Nematode Growth Medium plates containing 13µM cholesterol and fed with OP50 E. 
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coli at 20°C unless otherwise indicated(Brenner, 1974).   All animals used in experiments 
with mec-4(u45ts) were cultured at 15°C.  Animals in cholesterol experiments were 
cultured for two generations on sterol-free NGM (Matyash et al., 2004) supplemented 
with cholesterol to 10nM or 10µM and fed NA22 E. coli because OP50 does not grow 
well on sterol-extracted media.   
 Wild type (N2, Brenner, 1972), unc-24(e138), unc-24(e448), unc-24(e1172) 
(Barnes et al., 1996), smg-4(ma116) (Hodgkin et al., 1989), lin-15(n765) (Ferguson and 
Horvitz, 1985), mec-6(u247), mec-2(u37), mec-2(e1514), mec-4(e1611) (Chalfie et al., 
1981), lon-2(e678) (Brenner, 1974), lin-24(n765) (Ferguson et al., 1985), mec-4(u45) 
(Chalfie et al., 1989), unc-24(e138);mec-6(u247), unc-24(e138);mec-4(u45) (Zhang, 
Arnadottir, et al., 2004), and uIs31[mec-17::yfp] (O'Hagan et al., 2005) were described 
previously.  unc-24(e1511) was provided by the Caenorhabditis Genetics Center, which 
is funded by the NIH National Center for Research Resources (NCRR).  The National 
Bioresource Project of Japan provided sto-1(tm1503), sto-2(tm1475), sto-3 (tm1488), sto-
4 (tm1495), sto-5 (tm1471), and sto-6 (tm1610).  The uIs58[mec-4::yfp;Pmec-4cfp] strain 
was made by Johanna Arnadottir and Dattanada Chelur. 
 
Transgenic Strains 
Transgenic strains carrying extrachromosomal arrays were generated by 
microinjection (Mello et al., 1991).  To assay cell autonomous rescue of touch sensitivity, 
unc-24(e138);mec-4(u45ts) animals were injected with Pmec-18unc-24::gfp (Irini 
Topalidou) at 0.5ng/µl, Pmyo-3MtLS::rfp as a transformation marker at 8.5ng/µl and 
  
89 
91ng/µl pB_SK-(Stratagene) as carrier DNA.  To assay cell autonomous rescue of MEC-
2 localization, unc-24(e138);lin-15(n765ts) animals were injected with Pmec-18unc-24::gfp 
at 0.5ng/µl, lin-15 rescuing plasmid (pL15EK) at 50ng/µl and 49.5ng/µl pP_SK.  sto-
1::gfp  and sto-3::gfp were injected in lin-15(n765ts) animals at 25ng/µl with 50ng/µl 
pL15EK and 25ng/µl pB_SK.  Stably inherited arrays were crossed into unc-
24(e138);lin-15(n765ts) animals 
  
Immunostaining and microscopy  
 Immunohistochemistry was performed according to the method of Finney and 
Ruvkun (1990).   Rabbit-anti-MEC-2-N (Zhang, Arnadottir, et al., 2004) and mouse-anti-
GFP (Invitrogen) were used at 1:250 and 1:500 dilutions respectively and incubated for 
4hrs at room temperature or overnight at 4°C.   Primary antibodies were detected using 
Alexafluor488- or Alexafluor594- conjugated goat secondary antibodies at 1:1000 
dilution with a 2hr room temperature incubation.  Animals were mounted in ProLong 
Gold (Invitrogen).  At least 30 animals were examined per experiment.  sto-1::gfp and 
sto-3::gfp live animals were mounted on agarose pads (4% agarose, 1% 2,3-butanedione 
monoxime, 0.1M HEPES, pH 6.9).  All animals were examined using an Axioskop 2 





Touch assays were performed as described previously .  For each assay, 8-12 animals on 
each of 3-6 plates per genotype were touched with an eyebrow hair 10 times alternating 
between the anterior and posterior.  All assays were performed blind to genotype to the 
extent possible; although the unc-24 Unc phenotype is unmistakable, multiple Unc and 
non-Unc strains were tested in each assay.   P values were calculated with Student’s T-
test using per plate means. 
 
TRN degeneration 
 Animals were synchronized to within 1 hour at hatching and cultured at 20°C.  At 
each time point, GFP positive cells were counted using a Leica MZ12 epifluorescent 
stereodissecting microscope in approximately 30 animals per genotype.  Cells were 
counted 1 hour, 18 hours and 48 hours after hatching.  All strains contained uIs31[mec-
17::yfp] to mark the TRNs.  Strains examined were: wild type, mec-4d, lon-2mec-2mec-





Figure 1 MEC-2 localization is disrupted by multiple unc-24 alleles.  (A.) Diagram of 
the unc-24 gene structure, showing the PHB and SCP-2 domains and the locations 
of mutations used in this study.  (B.) MEC-2 distribution in unc-24 mutants detected 
with an antibody against the MEC-2 N terminus. The distal end of the TRN process 
of the animal is to the left.  MEC-2 is distributed in small regular puncta in wild type 
ALM and AVM TRN processes and in long irregular dashes in unc-24 mutants.  (C.) 
MEC-4::YFP distribution is similar in wild type and unc-24(e138) animals.  (D.) unc-
24 alleles respond similarly to gentle touch.  Animals were touched alternately five 
times in the anterior (white bars) and posterior (black bars) and the number of 





Figure 2 Sensitizing mutations enhance the unc-24 Mec phenotype but not the MEC-2 
distribution phenotype.  (A.) MEC-2 not further disrupted by sensitizing mutations.  MEC-
2 is detected as in Figure 1B.  MEC-2 distribution is disrupted in double mutants of mec-
4(u45)ts with unc-24(e138) or unc-24(e1172) to a similar degree as the single mutants at 
the permissive temperature.  MEC-2 distribution is only slightly impaired in mec-
6(u247)ts animals; the double mutant resembles the unc-24 single mutant.  (B.) 
Sensitizing mutations produce touch insensitivity in combination with unc-24(e138) or 
unc-24(e1172).  Touch testing was performed as in Figure 1D. Animals were touched 
alternately five times in the anterior (white bars) and posterior (black bars) and the 
number of responses was recorded. (mean ±SEM, n=30)  All double mutant strains 




Figure 3 unc-24 mutation disrupts the distribution of the weak mec-2(e1514) allele 
without enhancing its Mec phenotype.  (A) Distribution of wild type MEC-2 and mutant 
MEC-2 is similar in unc-24 mutants.  MEC-2 is detected as in Figure 1B.  MEC-2 
distribution is mildly disrupted by e1514.  The unc-24(e138);mec-2(e1514) double 
mutant resembles the unc-24 single mutant.  (B) unc-24 does not enhance the mec-
2(e1514) Mec phenotype. Animals were touched alternately five times in the anterior 
(white bars) and posterior (black bars) and the number of responses was recorded. 






Figure 4 TRN specific expression of unc-24 rescues the sensitized Mec phenotype, but 
not MEC-2 distribution.  (A.) MEC-2 distribution is similar in unc-24 mutant TRN 
processes (top panels) and in TRNs that express unc-24::gfp from the mec-18 promoter   
on an extrachromosomal array (bottom panels).  MEC-2 is detected as in Figure 1B; 
UNC-24::GFP is detected with an antibody against GFP.  (B.) TRN-specific expression 
of unc-24::gfp rescues the unc-24; mec-4ts Mec phenotype.  Touch testing of two 
independent transgenic lines carrying Pmec-18unc-24::gfp was performed as in Figure 1D. 
Animals were touched alternately five times in the anterior (white bars) and posterior 
(black bars) and the number of responses was recorded. (mean ±SEM, n=30), (* 




Figure 5 Growth of unc-24 mutants on low cholesterol has no effect on MEC-2 
distribution or touch sensitivity.  Wild type and mutant animals were grown on excess 
(10µM) or minimal (10nM) cholesterol for two generations before touch testing and 
antibody staining.  (A.) MEC-2 localization is not affected by cholesterol concentration in 
wild type or unc-24 TRN processes. MEC-2 is detected as in Figure 1B.  (B.) Touch 
sensitivity was not impaired in wild type or unc-24 animals grown on minimal cholesterol. 
Animals were touched alternately five times in the anterior (white bars) and posterior 




Figure 6.  Mutation of unc-24 does not suppress TRN degeneration caused by mec-4d.  
All strains express YFP in the TRNs.  Survival of each TRN cell type was assayed 1, 18, 
and 48 hours after hatching by counting YFP expressing cells.  (mean ±SEM, n=30)  The 
paired ALM and PLM neurons arise embryonically; the single AVM and PVM neurons 
arise ~9 hours after hatching.  Similar numbers of surviving cells were seen at all time 
points in mec-4d (black), unc-24; mec-4d (gray), mec-2mec-4d (light green), and unc-




Figure 7 unc-24 is not needed for the localization of STO-1 or STO-3.  
Transgenic extrachromosomal arrays carrying sto-1::gfp or sto-3::gfp were 
crossed from wild type into unc-24(e138) mutants.  (A.) Localization of STO-
1::GFP to the amphid sensory cilia in the tip of the nose is unaffected by unc-24.  
(B.) Localization of STO-3::GFP to puncta in the RIB neuron processes is 
















 MEC-2 is a prohibitin homology domain (PHB-d) protein similar to human 
stomatin that is essential for touch sensation in C. elegans.  MEC-2 is embedded in the 
plasma membrane via a non-spanning hydrophobic hook.  Mutation of a conserved 
proline (P134S) in the hydrophobic hook leads to complete touch insensitivity.  Mutation 
of the equivalent proline converts the hook to a transmembrane domain and expels the 
PHB-d and C-terminus of the protein.  I show here that the P134S mutation has the same 
effect on MEC-2 topology in HEK293T cells.  This result has implications for MEC-2 
function because the P134S mutation has previously been shown to affect some but not 
all MEC-2 biochemical properties.  The conserved proline is found in all C. elegans and 
human PHB-d proteins and its mutation in human podocin leads to kidney failure. 
Introduction 
 Genetic screens for C. elegans defective in sensing gentle touch have recovered 
47 alleles of mec-2, PHB-d protein that is essential for the touch response (Zhang et al., 
2004).  MEC-2 is an essential component of a Degenerin/Epithelial Sodium Channel 
(Deg/ENaC) mechanoreceptor channel complex and is localized to regular puncta in 
touch receptor neuron membranes by binding a Deg/ENaC (MEC-4; (Goodman et al., 
2002; Zhang, Arnadottir, et al., 2004).  MEC-2 is embedded in the membrane via a non-
spanning hydrophobic ‘hook’ N-terminal to the PHB-d.  This topology was demonstrated 
using fusions to LacZ, which is only active when it is intracellular (Fire et al., 1990).  
LacZ was active when fused to MEC-2 N-terminal or C-terminal to the hydrophobic 
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stretch, but inactive when fused after a synthetic transmembrane domain (Huang et al., 
1995).   
Of the 47 mec-2 alleles, 23 are missense mutations: 20 of these are located in the 
PHB-d, two are in the C-terminal tail, and one is in the hydrophobic hook.  The severity 
of the mechanosensory abnormal (Mec) phenotype of mutations within the PHB-d 
correlates with disruption of their localization to puncta.  Animals with either of the C-
terminal mutations are completely touch insensitive, but have normal MEC-2 
localization.  The best-studied mec-2 mutation is the mutation in the hydrophobic hook, 
designated u274, which converts proline 134 to a serine.  (Zhang et al., 2004)  MEC-
2P134S protein is distributed along the TRN process in vivo, but its localization to puncta is 
disturbed.  MEC-2P124S binds αENaC and oligomerizes in cell culture but it does not bind 
a photoactivatable cholesterol analog (Huber et al., 2006).  Although the effect of this 
mutation on these functional properties of the protein is known, the underlying structural 
change is not. 
 MEC-2 P134 is conserved in the human PHB-d proteins stomatin and podocin. 
Podocin is the product of the NPHS2 gene; mutations in human patients suffering from 
autosomal recessive steroid-resistant nephrotic (SRN) syndrome (Boute et al., 2000).  A 
mutation of the equivalent proline in podocin (P118L) has been recovered from patients 
with SRN (Weber et al., 2004).  In cell culture, wild type podocin is localized to the 
plasma membrane, while podocinP118L is largely retained in the ER (Roselli et al., 2004).  
Mutation of the equivalent proline in humans (P47S) abolishes stomatin localization to 
detergent resistant membrane fractions (DRM) and co-precipitation with cholesterol by 
digitonin (Kadurin et al., 2009).  This study also demonstrated a profound physical 
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alteration in stomatin protein: the P47S mutation converts the stomatin hydrophobic hook 
to a transmembrane domain.  Extracellular application of an antibody to intact Xenopus 
oocytes detected an epitope tag conjugated to the C-terminus of stomatinP47S but not wild 
type stomatin.  It is not clear from this result whether the conserved proline is needed for 
the hydrophobic hook topology in other PHB-d proteins.  Furthermore, these results 
could also have been produced by a change in membrane orientation (i.e. flipping both N- 
and C- termini out) rather than creation of a transmembrane domain.  I tested whether a 
switch from a hook to transmembrane underlies the effects of mec-2(u274) by 
determining the effect of the P134S mutation on MEC-2 membrane topology. 
Results 
 To probe MEC-2 membrane topology, I expressed N-terminally FLAG-tagged 
wild type and mutant MEC-2 in HEK293T cells.  I used antibody staining of cells with an 
antibody against the MEC-2 PHB-d and C-terminus to detect extracellular MEC-2 C-
termini.  As a control, I used an anti-FLAG antibody to simultaneously label the MEC-2 
N-terminus.  In cells that have been permeabilized with detergent, staining from both 
antibodies overlaps.  Wild type MEC-2 is localized to the plasma membrane; a 
substantially greater fraction of MEC-2P134S is retained internally.  In intact cells, 
intracellular epitopes are inaccessible to antibodies.  I observed no staining of cells 
expressing wild type MEC-2, but the membrane of MEC-2P134S was stained by the C-
terminal antibody.  Even though most MEC-2P134S is internal, only the membrane was 
stained, indicating that the antibody was not able to enter the cells.  This staining did not 
colocalize with N-terminal antibody membrane staining was seen, indicating that the N-
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terminus remains intracellular and that MEC-2 topology rather than the membrane 
orientation is altered. 
Discussion 
 I found that MEC-2P134S, like stomatinP47S, converts the hydrophobic hook to a 
transmembrane domain and expels the C-terminus.  Whereas the results seen by probing 
stomatin with a single antibody could also have been produced by changing the 
membrane orientation, I used antibodies to separately label both termini and saw that 
only the C-terminus becomes extracellular.  However, I do not know what fraction of 
MEC-2 adopts the transmembrane topology.  Any MEC-2P134S protein that retains the 
hook topology would have remained undetected.  While this result is conclusive for 
MEC-2 expressed in HEK293T cells, these results may not apply in the animal.  It is 
possible that this shift in topology does not occur in the animal or underlie the mec-
2(u274) Mec phenotype.  However, the biochemical properties of MEC-2P134S (intact 
oligomerization and channel binding and abrogated cholesterol binding) were determined 
in HEK293T cells.  It is somewhat surprising that MEC-2P134S associates normally with 
αENaC because the still-intracellular N-terminus is dispensable for binding to MEC-4 in 
vitro (Zhang et al., 2004).  Photocholesterol was presumably present in both leaflets of 
the plasma membrane in the sterol binding experiment, so the absence of sterol binding in 
MEC-2P124S may reflect a necessary contribution of the hydrophobic hook. 
The severe phenotype of podocinP118L in humans demonstrates that this amino 
acid is needed for the function of two stomatins in distantly related species that function 
in entirely different systems. Recent experiments have shown that the P118L mutation 
also converts the membrane topology of podocin (Höhne, M and Schurek, EM, personal 
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communication).  Disease in these patients could be caused by diminished cholesterol 
binding, increased retention of podocin in the ER, or by a need for the PHB-d on the 
intracellular side of the plasma membrane. 
 These results have broad relevance because the conserved proline is present in all 
mammalian and C. elegans stomatins and in the stomatin-like protein unc-24. This 
proline may dictate the membrane topology of many proteins across many species.  If the 
hook topology is needed for sterol binding, presence or absence of this proline could 
divide the PHB-d proteins that directly bind sterols from those that do not.   
Methods 
Plasmids 
 f9::mec-2 and f9::gfp mammalian cell expression plasmids were described 
previously (Huber et al., 2006).  f9::mec-2(u274) was made by site directed mutagenesis 
of f9::mec-2 using the primer 5’-
TCCTCATATTCTTCACTCTTTCAATTTCCGCATGTATGTGC-3’. 
Cell culture and transfection 
 HEK293T cells were grown in DMEM supplemented with 5% FBS as described 
previously.  For antibody staining experiments, cells were grown in six-well plates on 




Antibody staining and microscopy 
Cells for antibody staining were fixed in 4% formaldehyde and washed.  
Permeableized cells were incubated for 1 hour in 5% normal goat serum (NGS) and 0.2% 
Triton-X in PBS.  Unpermeableized cells were incubated in 5% NGS without Triton-X.  
Cells were incubated overnight at 4°C with rabbit-anti-MEC-2-C (Zhang et al., 2004) and 
mouse-anti-FLAG (Sigma) at 1:200, washed thoroughly, and incubated for 2 hours with 
AlexaFluor594-Goat-anti-rabbit and AlexaFluor488-Goat-anti-mouse secondary 
antibodies (Invitrogen) at 1:1000 dilution.  Cells were washed thoroughly and mounted in 
Vectashield + DAPI (Vector).  Cells were observed blind as to mec-2 genotype on an 
Olympus ___ scanning confocal microscope.  Brightness and contrast of images was 







Figure 1. Mutation of MEC-2 P134S converts the hydrophobic hook to a transmembrane 
domain and shifts the PHB-d and C-terminus to the extracellular face of the membrane.  
(A.) Schematic of the MEC-2 protein produced by transiently transfected HEK293T cells 
in this experiment showing the N-terminal F9 tag (green), hydrophobic stretch (orange), 
PHB-d (blue), and N- and C- tails (grey).  Lines above indicate the epitopes recognized 
by the anti-FLAG (green) and MEC-2-C (red) antibodies.  The arrow shows the location 
of the mutated P134.  (B.) Wild type protein detected in permeabilized cells shows 
variable intensity but complete overlap of staining from both antibodies.  MEC-2 is 
present on internal and plasma membranes.  (C.) Wild type protein in intact cells is 
completely inaccessible to antibody.  Visible FLAG staining is likely to be artifactual; 
similar staining is seen with intact untransfected cells.  (D.) MEC-2P134S detected 
identically by both antibodies in permeableized cells is primarily localized to internal 
membranes.  (E.) The C-terminal epitope is accessible to antibody is intact cells 











CONCLUDING REMARKS AND FUTURE DIRECTIONS 
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The first screens for morphological and behavioral phenotypes in C. elegans 
yielded mutations in genes that encode prohibitin homology domain (PHB-d) proteins.  
Brenner (1974) describes 12 alleles of unc-1 and 5 alleles of unc-24; loss of either of 
these genes produces a profound and easily visible disruption in locomotion.  Chalfie and 
Sulston (1981) obtained mutations in mec-2 in screens for animals defective in a specific 
behavior, the response to gentle touch.  Although C. elegans has 10 other PHB-d 
proteins, no mutations in any have been found in any of the genetic screens conducted 
since.  In the case of two of these, phb-1 and phb-2, this is most likely because the genes 
are essential (Artal-Sanz et al., 2003).  Deletion mutants of (in some cases substantial) 
portions of the others are viable and superficially wild type.  There is similar variability 
in the phenotypic effects of mutations of PHB-d genes in other animals.  Prohibitin-1 is 
essential in mice and flies (Park et al., 2005; Eveleth and Marsh, 1986).  Mutations in the 
gene encoding podocin lead to kidney failure in childhood (Boute et al., 2000).  Stomatin 
and stomatin like protein-3 (STML-3) knockout mice are viable and superficially healthy 
(Wetzel et al., 2007; Zhu et al., 1999).  The eight C. elegans PHB-d genes without 
described phenotypes may be redundant, exert only subtle effects, or be needed for 
specific behaviors that have not been assayed.  To begin to distinguish among these 
possibilities, I examined the expression patterns of all of the uncharacterized C. elegans 
PHB-d proteins.   
I found that one branch of the PHB-d protein family, the stomatins, is expressed 
primarily in neurons.  A trend toward neuronal expression of stomatins appears to be 
conserved between C. elegans and mammals.  Two of the three mammalian stomatins are 
neuronal: STML-3 is expressed in neurons and stomatin is enriched in neurons relative to 
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other tissues (Wetzel et al., 2007).  It is likely that the specificity of STML-3 expression 
reflects specific roles in olfactory and mechanical sensory transduction (Goldstein et al., 
2003; Kobayakawa et al., 2002; Wetzel et al., 2007).  The specific expression of mec-2 in 
the touch receptor neurons reflects its specialized role in mechanotransduction (Huang et 
al., 1995).  Like stomatin, unc-1, is expressed at high level in the nervous system and at 
lower level in other tissues (Chen et al., 2007; Rajaram et al., 1999).  The specificity of 
stomatin (sto) gene expression ranged from a single cell type to 34 classes of neurons. 
  C. elegans hermaphrodites have 302 neurons of known and invariant lineage and 
connectivity (White et al., 1986). Identification of individual neurons is useful in 
addressing the question of redundancy between PHB-d genes because genes that are 
expressed in the same cell are potentially redundant.   In addition, in many cases 
individual neuron classes are known to be involved in specific behavioral functions based 
on genetic and laser ablation data.  Genes expressed specifically in a neuron of known 
function may contribute to that function.  Additionally, because stomatins have been 
shown to interact with ion channels, identification of the neurons could reveal 
correspondences with ion channel expression that may be functionally significant. 
PHB-d proteins and chemotaxis 
sto-1 is expressed in the AWA chemosensory neurons during the first larval stage 
(L1) of development.  sto-1 expression declines greatly after this stage.  STO-1::GFP 
remains visible in the amphid sensory cilia, but individual cells are difficult to identify 
because fluorescence in the cell body is extremely weak.  We found that young adult sto-
1 mutant animals have a subtle defect in chemotaxis to diacetyl, an odorant primarily 
sensed by AWA (Bargmann et al., 1993).  However, no STO-1::RFP was detectable in 
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the AWA sensory cilia.  In addition to AWA, a second cell type (AWC) can respond to 
diacetyl (Chou et al., 2001).  sto-1 is unlikely to act there because it was not visibly 
expressed there in AWC.  Furthermore, mutation of sto-1 has no effect on residual 
diacetyl chemotaxis when the AWA cells are inactivated by mutation of odr-7.  STO-1 
protein may be present in adults in AWA in either the cilia or the cell body at too low a 
level to be detectable, or it may be needed during development.  
 During development sto-1 is expressed in cells that are proliferating or extending 
processes.  sto-1 may be needed for proper development of the process or sensory cilia of 
AWA.  A much more severe phenotype would be expected if AWA cilia were badly 
disturbed, but a subtle effect is possible.  sto-1 may be needed for AWA-mediated 
chemotaxis to diacetyl outside of AWA, or it may be present in the AWA cilia or cell 
body at low level.   
 Unfortunately, the sto-1 phenotype is only detectable at low concentrations of 
attractant, when chemotaxis assays yield variable results.  Many experiments that are not 
currently feasible would be possible with a more robust assay.  Expression of sto-1 from 
AWA and AWC specific promoters could settle the question of where sto-1 is needed.  A 
temperature sensitive sto-1 strain could be constructed and used to determine whether 
sto-1 is needed during development or in the adult (Calixto et al., 2010).  To assess how 
far sto proteins have diverged functionally, other sto genes could be tested for their 
ability to rescue the sto-1 phenotype. 
 Expression data in mammals suggests that stomatins have a conserved role in 
olfaction.  While murine stomatin is broadly expressed, (Wetzel et al., 2007) found a100-
fold enrichment in stomatin mRNA in the olfactory epithelium (OE) relative to any other 
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tissue surveyed.  Mouse stomatin like protein-3 (STML-3) protein has only been 
observed in sensory cilia in the OE, although functional data suggests it is probably also 
expressed in mechanosensory neurons in skin (Goldstein et al., 2003; Kobayakawa et al., 
2002; Wetzel et al., 2007).  No olfactory phenotype has been reported in STML-3 
knockout mice.   
STO-1 is expressed in a developmentally dynamic pattern: it lines the membrane 
in all cells in the early embryo and narrows to the cilia of the amphid and phasmid 
sensory neurons by adulthood.  This shift from broad to narrow distribution could 
correspond to a shift in function.  C. elegans lacks pair of PHB-d proteins, the 
reggie/flotillins, found in most metazoans that are needed for axon outgrowth in 
vertebrates and that may have a more general function in targeting lipid delivery to 
specific locations in the membrane (Stuermer, 2010).  As sto-1 in C. elegans, 
reggie/flotillin expression Xenopus and zebrafish narrows from ubiquitous to primarily 
neuronal (Pandur et al., 2004; von Philipsborn et al., 2005).  Developmental expression of 
STO-1 in dividing and growing cells could be performing a similar role. In adults, STO-1 
could similarly be directing the delivery of membrane to cilia.   
 The localization of STO-1 to cilia also suggests involvement in sensory 
transduction.  I described a have a mild and specific chemosensory phenotype in sto-1 
mutants, but other sensory defects may also exist.  The specific expression patterns of the 




Potential PHB-d gene phenotypes 
Sensory phenotypes. 
sto genes are expressed in many sensory neurons, where they may have specific 
roles in sensory transduction.  The roles of STML-3, mec-2, and, putatively, unc-1 in 
mechanosensation establish this as a possibility. 
sto-1 is expressed in the ASH polymodal nociceptive neurons that respond to 
hyperosmolarity, nose touch and volatile repellents (Bargmann, 2006).  In addition, sto-1 
is expressed in ASH and ADL, two of the three neuron classes that respond mediate 
avoidance of heavy metal ions; however, all three are redundant, so it may be necessary 
to ablate the ASE cells in a sto-1 background to observe a phenotype (Sambongi et al., 
1999).  The C. elegans erlin, C42C1.15 is also expressed in ADL and ASH. 
sto-2 is expressed in a more restricted set of cells, including three neurons in the 
thermotaxis circuit: the thermosensory amphid (AFD) and two interneurons (AIY and 
AIZ) needed for thermophilic and cryophilic movement respectively (Mori and Ohshima, 
1995).  It is not clear what consistent thermotactic role sto-2 would play in both AFD and 
the downstream interneurons, but expression is both AIY and AIZ suggests that sto-2 
mutants could have a defect in movement both up and down thermal gradients.  
sto-4 is expressed in the AWC cells, which do not express sto-1, although the 
AWA and AWB cells do.  sto-4 mutants could have defects in chemotaxis to AWC-
mediated odorants.  Localization of STO-4 protein to AWC cilia would suggest that it 
plays a similar (unknown) role to sto-1 in a different cell type. 
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Three neuron classes with cilia exposed to the pseudocoelomic fluid sense 
oxygen: URX, AQR, and PQR (Coates and de Bono, 2002; Gray et al., 2004).  stl-1 is 
expressed in URX.  sto-5 is expressed in PQR.  No stomatin protein was seen in AQR.   
Many sto genes are expressed in mechanosensory cells.  Three cell types sense 
nose touch semi-redundantly: FLP, ASH and OLQ (Kaplan and Horvitz, 1993).  sto-4 
and sto-5 are coexpressed in the FLP neurons, which mediate ~30% of the response.  sto-
1 is expressed in ASH, which mediates ~45% of the response.  Touch to side of the head 
is sensed redundantly by the IL1 and OLQ neurons (Hart et al., 1995).  No sto genes are 
expressed in OLQ sto-4 is expressed in the OL socket cells and in IL1 neurons.  sto-5 is 
expressed in the IL socket cells.  Combination of mutations and/or cell ablations may be 
necessary to eliminate the multiple layers of redundancy and reveal nose touch 
phenotypes.  sto-6 is expressed in the sheath cells of the ADE texture-sensing neurons 
(Sawin et al., 2000).  A Deg/ENaC channel expressed in the amphid sheath cells is 
required for normal chemotaxis to lysine (Wang et al., 2008).  STO proteins expressed in 
sensory neuron sheath or socket cells could function in channel complexes in those cells. 
Developmental phenotypes 
 sto-1 is expressed in the ASG, ASJ and ADF neurons that are involved in entry to 
and exit from the dauer alternative larval stage.  sto-1 mutant animals do not 
constitutively enter the dauer stage, nor are they incapable of doing so under conditions 
of starvation, but they may have subtle defects in the timing of dauer entry or exit.  
Exogenous application of dauer pheromone to precisely control the timing of dauer 
formation might be used to detect such a phenotype. 
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The stomatin-derived protein stl-1 is expressed in the XXX cells, which have a 
nonessential inhibitory role in dauer formation (Ohkura et al., 2003).  A XXX mediated 
phenotype would have to profoundly interfere with the function of the cell to be 
detectable. 
Locomotory phenotypes 
 The first described phenotypes of PHB-d genes were locomotory.  It is unlikely 
that disruption of any of the uncharacterized stomatins could produce a profound 
phenotype, and all move normally to the eye but they may have subtle phenotypes.  
Computational analysis of crawling and swimming behavior might reveal such 
phenotypes. 
Outside of the amphid neurons, sto-1 is expressed in the NSM neurons; ablation 
of the NSMs slightly decreases the slowing response when animals encounter the 
bacterial lawn (Sawin et al., 2000).  However, this effect is unlikely to be detectable if the 
mutant phenotype is at all less severe than the effect of ablating the cells.  
sto-2 is expressed in D-type GABAergic inhibitory motoneurons, which are 
needed to relax muscles opposed to contractions.  Ablation of these cells has mild effects 
on locomotion and produces a ‘shrinking’ effect in which the animal contracts its body 
length when touched with an eyebrow hair.  sto-2 mutants do not display this behavior, so 
it is unlikely that these cells are completely nonfunctional in this mutant background.  
sto-6 is expressed in a complementary pattern in A-type and B-type excitatory 
motoneurons.  sto-6 mutants would be expected to be profoundly Unc if the function of 
these cells was completely abrogated.  The three sto-6 alleles are all deletions at the 3’ 
end of the gene, so they may not represent complete loss of function alleles.   
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sto-3 is expressed in only one cell type, the RIB interneurons.  These cells are part 
of the neural circuitry that controls the switch between forward and backward locomotion 
(Gray et al., 2005; Tsalik and Hobert, 2003).  Ablation of RIB increases the frequency of 
spontaneous reversals in animals crawling off food.  This is a sufficiently subtle 
locomotory behavior that sto-3 mutants could be completely defective in RIB function 
without having been isolated in previous screens.  The RIBs are highly connected 
interneurons that are unlikely to have any direct sensory function.  The localization of 
STO-3 protein to the nerve ring part of the processes suggests that it could be acting at 
synapses or gap junctions.  The only gap junction protein expressed in RIB is unc-9, 
which requires another stomatin, unc-1, for its function in body wall muscles (Altun et 
al., 2009; Chen et al., 2007).  GFP-tagged UNC-9 is no longer dependent on unc-1 and 
expression of unc-9::gfp in muscles rescues the muscle unc-1 loss of function phenotype.  
It would be interesting to see whether sto-3 mutants have an RIB-based phenotype, if 
STO-3 colocalized with UNC-9, and whether expression of unc-9::gfp in RIB could 
rescue a sto-3 mutant.   
Fluoride resistance 
 sto-1 is expressed in the lining of the intestine, which also expresses flr-1, a 
degenerin/epithelial sodium channel (Take-Uchi et al., 1998).  sto-1 could interact with 
flr-1.  flr-1 mutants are resistant to poisoning by fluoride, but they also have reduced 
body size and severely impaired growth, suggesting that sto-1 cannot be essential for flr-1 
function because the sto-1 mutants grow normally.  sto-1 could have a subtle role in flr-1 
activity or it could negatively regulate the channel, in which case sto-1 mutants might be 




MEC-2 proline 132 
 All of the human and C. elegans stomatins have a conserved proline in the 
hydrophobic stretch 5 amino acids N-terminal to the PHB-d.  This conserved proline is 
essential for function of human podocin and C. elegans MEC-2 (Weber et al., 2004; 
Zhang, Arnadottir, et al., 2004).  Previous work demonstrated that the hydrophobic 
stretch of human stomatin adopts non-spanning ‘hook’ topology and that P47 is critical 
for this topology; mutation of P47 to serine converts the hook to a transmembrane 
domain and expels the PHB-d and C-terminus (Kadurin et al., 2009).  MEC-2 adopts the 
same membrane topology.  In this thesis, I showed that mutation of MEC-2 P134 has the 
same effect on MEC-2 membrane topology.   
 Non-stomatin PHB-d proteins lack this proline and are not thought to adopt the 
hook topology.  The functional importance of the stomatin transmembrane topology is 
not understood.  Many of the common biochemical properties of stomatins have 
previously been evaluated in MEC-2P134S.  The P134S mutation selectively abolishes 
cholesterol binding but does not abrogate binding to a Deg/ENaC or oligomerization in 
cell culture.  This suggests that the hook topology is necessary for cholesterol binding in 
the stomatins.  While PHB-d proteins in many of the branches are found in cholesterol-
rich detergent resistant membrane fractions following sucrose gradient centrifugation, 
only MEC-2 and podocin have been directly shown to bind cholesterol.  Whether the 
non-stomatin PHB-d proteins bind cholesterol directly and, if so, whether they bind in the 
same way is an open question.   
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PHB-d / SCP-2 proteins 
 C. elegans UNC-24 and mammalian STML-1 each have a sterol carrier protein 2 
(SCP-2) domain C-terminal to the PHB-d.  UNC-24 has a subtle role in touch sensation.  
In this thesis, I show that it is independently needed for normal localization of MEC-2 to 
mechanoreceptor complex puncta.  Because the Mec and MEC-2 localization phenotypes 
of unc-24 are separate, it is unclear what mechanism underlies the UNC-24 Mec 
phenotype.  One possibility is that UNC-24 SCP-2 domain may perform a non-essential, 
non-redundant with MEC-2 role in creating the TRN membrane lipid environment of the 
mechanotransduction channel.  The sensitized Mec phenotype of unc-24(e1172), which 
lacks the SCP-2 domain, supports this idea.  We did not find any evidence for this model 
by studying mec-4(+) (via touch) or mec-4d (via TRN degeneration) activity in animals 
raised on minimal cholesterol, the only lipid specifically known to be required for touch.  
This could be because UNC-24 does not function in this way, because the SCP-2 domain 
is transporting a different lipid substrate, or because the touch system is too well buffered 
for cholesterol.  Further analysis is required to understand the functional significance of 
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  Microtubules are integral to neuronal development and function.  They endow 
cells with polarity, shape, and structure, and their extensive surface area provides 
substrates for intracellular trafficking and scaffolds for signaling molecules.  
Consequently, microtubule polymerization dynamics affect not only structural features of 
the cell but also the subcellular localization of proteins that can trigger intracellular 
signaling events. In the nematode Caenorhabditis elegans, the processes of touch 
receptor neurons are filled with a bundle of specialized large-diameter microtubules.  We 
find that conditions that disrupt these microtubules (loss of either the MEC-7 β-tubulin or 
MEC-12 α-tubulin or growth in 1 mM colchicine) cause a general reduction in TRN 
protein levels. This reduction requires a p38 MAPK pathway (DLK-1, MKK-4, and 
PMK-3) and the transcription factor CEBP-1.  Cells may use this feedback pathway that 
couples microtubule state and MAPK activation to regulate cellular functions.  
Introduction 
The state of microtubule polymerization varies from cell to cell, within cells, and 
at various times throughout the cell cycle (1). Localized microtubule depolymerization, 
for example, is associated with neurite outgrowth and synapse formation (2), and 
differences in cell shape correspond to differences in the amount and structure of 
microtubules (1).  Given the many proteins that are associated with these cytoskeletal 
elements (3), their effective concentrations in the cytoplasm should also change with 





The touch receptor neurons (TRNs) of the nematode Caenorhabditis elegans 
provide a striking model for studying the contribution of microtubules to these functions.   
Only the six TRNs (ALML/ALMR, AVM, PLML/R, PVM), which enable the worm to 
sense touch to the body (4), have 15-protofilament microtubules.  These microtubules 
associate in bundles and fill their neurite processes (5, 6).  These large-diameter 
microtubules can be eliminated by loss-of-function mutations in mec-7 or mec-12 (4, 7), 
which encode the β-tubulin and α-tubulin subunits, respectively (8, 9).  The resulting 
cells have the 11-protofilament microtubules seen in other C. elegans neurons (6, 7) but 
are unable to sense touch and have additional defects in axonal transport and synapse 
formation (10, 11).   All stable microtubules can be eliminated using mec-7 or mec-12 
gain-of-function mutations, which presumably interfere with general microtubule 
polymerization and result in greater transport defects (10).  The more severe effect on 
microtubules can also be mimicked by growth of the animals on 1 mM colchicine, which 
selectively disrupts all the microtubules in these cells after the animals have hatched (6, 
10).  
 In this study, we use genetic and pharmacological approaches to disrupt 
microtubules in the TRNs and find that these manipulations lead to a general decrease of 
protein production in these neurons.  These reductions can be suppressed by mutations in 
the p38 MAPK pathway consisting of the MAPKKK DLK-1, the MAPKK MKK-4, and 
the p38 MAPK PMK-3.  This same MAP kinase cascade regulates synapse formation 
(12), axon termination (13), and neurite regeneration (14) in C. elegans.  Since 
microtubule disruption can affect all three processes, microtubule-dependent signal 
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transduction of gene activity through the MAPK kinase pathway may regulate these 
activities. 
Results 
Loss of microtubules results in a reduction of TRN gene expression 
 TRN differentiation, including the expression of the MEC-7 and MEC-12 
tubulins, requires the LIM homeodomain transcription factor MEC-3 (15-17).  
Expressing GFP from the mec-3 promoter, we observed decreases of GFP fluorescence in 
the TRNs of several mec-7 and mec-12 mutants.  This decrease occurred in a time-
dependent manner and was apparent 24 hrs after hatching, i.e., during the third of the four 
larval stages (Fig. 1 A and S1 A).   While the reduction of GFP fluorescence varied 
among the TRNs (and from animal to animal), ALM neurons demonstrated the most 
consistent decrease.  In addition, animals with gain-of-function mutations [the dominant 
mec-7(u18), mec-7(u283), and mec-12(u241) mutations and the recessive mec-12(u63) 
mutation] and wild type animals grown on 1 mM colchicine generally suffered a greater 
reduction in GFP fluorescence than animals with putative loss-of-function mutations 
[mec-7(u142), mec-7(u440), mec-7(u443), and mec-12(e1607)].  
Loss of function mutations in other mechanosensory genes expressed in these 
cells (mec-1, mec-4, mec-5, mec-6, mec-8, and mec-9) did not cause a reduction of this 
fluorescence (Fig. S2).  Furthermore, animals with the mec-12(e1605) missense mutation, 
which are touch insensitive but retain 15-protofilament microtubules in the TRNs (10), 
also retained normal GFP levels (Figures 1 A and S1 A).  These results indicate 
microtubule disruption and not touch insensitivity alone causes the decrease of 
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expression and suggest that the microtubules have a specific role in maintaining protein 
concentrations. 
 The steady state levels of many TRN proteins were reduced by treatments that 
disrupted microtubules. TRN-specific proteins whose expression requires mec-3 that 
were tested included a MEC-17::GFP fusion (16, 18) (Fig. S3) and the endogenous 
proteins MEC-18 (Fig. 1 B) and MEC-2 (Fig. S3). MEC-18 is diffusely expressed at high 
levels throughout the TRN process (16, 19). MEC-2 is a component of the 
mechanoreceptor channel complex that is localized in regular puncta throughout the TRN 
process (20, 21).  Transport of MEC-2 from the cell body to these puncta is disrupted in 
mec-7 and mec-12 mutants and animals treated with colchicine (10, 20), but levels of 
MEC-2 in the cell body of these animals do not significantly increase (mec-7 mutants 
shown in Fig. S4).  These results suggest that disrupting microtubules affects both the 
distribution and the expression of the MEC-2 protein.   
 The decrease of protein levels was not limited to mec-3-dependent or even TRN-
specific genes.  The unc-119 promoter is expressed in all nerve cells (22); its expression 
in the TRNs is mec-3-independent (Fig. S5).  Nonetheless, GFP expressed from the unc-
119 promoter was also reduced in the TRNs in mec-7 and mec-12 mutants and animals 
grown on colchicine plates (Fig. 1 C and S1 B).  The level of GFP in other neurons was 
not affected. 
This reduction of protein expression is due, at least in part, to a reduction in 
steady state levels of mRNA.  mec-3 transcript levels were significantly reduced in mec-7 
and mec-12 mutants as well as colchicine-treated animals (Fi. S6 A) as were the steady 
state mRNA levels for mec-2, mec-17, and mec-18 (Fig. S6 B).  Since MEC-3 protein 
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regulates it own transcription as well as that of the other genes (15, 16), we cannot rule 
out that all the effects involve the regulation of protein levels.  Unfortunately, we cannot 
test whether other genes are regulated at the level of transcription, because no gene is 
known that is both mec-3 independent and selectively expressed in the TRNs. However, 
since mec-17 mRNA reduction is minimal in colchicine-treated animals, but MEC-
17::GFP protein levels were significantly reduced (Fig. S3), post-transcriptional effects of 
microtubule disruption appear more important than transcription effects.    
The level of reduction of mRNA transcripts varied for different genes. 
Differential reduction might reflect different affinities of MEC-3 binding at specific 
promoters; the reduction would be less for promoters with greater affinity for MEC-3.  In 
addition, the transcript levels of some genes (mec-2, mec-17) were not diminished as 
significantly or consistently in colchicine-treated animals as in mec-7 and mec-12 
mutants (Fig. S6 B).  These differences may be due to a later effect of colchicine 
treatment on gene expression.  Unlike tubulin mutations, which would affect embryonic 
neurons, colchicine may affect TRN microtubules only after hatching.  
Protein loss caused by microtubule disruption are suppressed by mutations in dlk-1 and 
cepb-1 
To understand how disruption of microtubules reduces protein levels in the TRNs, 
we devised a strategy to identify mutants that failed to show this microtubule-dependent 
reduction.   Our method relied on the use of a short-lived GFP.  Normally, GFP is a very 
stable protein (23) , and this stability may account for the finding that colchicine reduces, 
but does not abolish, GFP fluorescence in the TRNs of adults.  GFP, however, can be 
made unstable by fusing a RING-finger domain from an E3 ubiquitin ligase to it (24) .  
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Adopting this strategy, we fused GFP and the RING-finger domain from the mouse E3 
ubiquitin ligase PJA1/praja-1 (25, 26). Animals expressing Praja::GFP from the TRN-
specific mec-18 promoter (producing the integrated arrays uIs43 and uIs44) generated 
sufficient fusion protein to produce detectable fluorescence throughout their lifespan.  
When these animals were grown in the presence of colchicine, however, GFP 
fluorescence was undetectable 48 hrs after hatching (Fig. 2 A and Fig. 3 A).  To identify 
genes needed for the colchicine-dependent reduction in expression, we mutated these 
animals with EMS, grew their F2 progeny in the presence of colchicine, and screened for 
adults with fluorescent TRNs.   
We isolated seven suppressor strains with recessive mutations from animals 
representing 13640 haploid genomes (Fig. 2 B and Fig. 3 A).  This phenotype is 
designated Cre for colchicine-resistant expression.  Six Cre mutations (u815, u816, u817, 
u818, u820, and u821) mapped to chromosome I and failed to complement each other.  
We mapped these mutations to the dlk-1 gene (see Materials and Methods). All six non-
complementing alleles had mutations in the coding sequence of dlk-1; these lesions 
included missense (u815, u816, u820), nonsense (u817, u818), and frameshift (u821) 
mutations.   Previously known dlk-1 mutant alleles—ju476, a missense mutation (12), 
and km12, a deletion of the gene—failed to complement u818 for the Cre phenotype. The 
dlk-1 gene encodes a dual leucine zipper-bearing MAPKKK (mitogen-activated protein 
kinase kinase kinase) of 928 amino acids that is expressed in neurons and the pharynx 
(12).  Expression of DLK-1 under the mec-18 promoter rescued the dlk-1(u818) Cre 
phenotype (Fig. 4 B), verifying the identity of the gene and demonstrating that DLK-1 
acts in the TRNs in a cell-autonomous manner.  
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 We mapped the remaining Cre mutation (u819) to the D1005.3 gene, also 
designated as cebp-1. cebp-1(tm2087), a deletion of the gene, failed to complement the 
u819 Cre phenotype.  cebp-1 encodes a putative basic region leucine zipper transcription 
factor (27) ; the u819 mutation changes a conserved alanine to a valine in its DNA-
binding domain.  The u819 Cre phenotype was rescued by expression of wild-type cebp-1 
from the mec-18 promoter (Fig. 4 B), confirming the identity of the gene and 
demonstrating its cell-autonomous function. 
Mutations in other members of a p38 MAP kinase pathway suppress protein production 
defects 
 Unlike mammalian DLK, which works predominately through the c-jun NH2-
terminal kinase (JNK) MAP kinase pathway (28) , C. elegans DLK-1 regulates 
presynaptic differentiation, axon termination, and axonal regeneration by activating a p38 
MAP kinase pathway (12-14) that acts upstream of cebp-1 (29). DLK-1 is believed to 
phosphorylate the MAPKK MKK-4, which in turn phosphorylates the p38 MAPK PMK-
3 (12). To determine if the Cre phenotype produced by the dlk-1 mutations used the same 
pathway, we crossed a Pmec-18praja::gfp transgene (uIs44) into mkk-4(ok1545, ju91) and 
pmk-3(ok169) backgrounds and tested GFP fluorescence in TRNs in mutants grown on 1 
mM colchicine. 
  mkk-4 animals had an incomplete Cre phenotype compared to dlk-1 animals.  
Although GFP fluorescence was seen in adult cells, often the fluorescence was fainter 
and restricted to only a few of the six TRNs (Fig. 2 C and Fig. 3 A). pmk-3 animals, 
however, were completely Cre; all six cells in adults were fluorescent in the presence of 
colchicine (Fig. 2 C and Fig. 3 A). These results suggest that the p38 MAP kinase 
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pathway is needed for colchicine-induced gene reduction, but mkk-4 may be partially 
redundant in the pathway.  To test this hypothesis, we generated uIs44 doubles with all 
available MAPKK mutants including sek-1, ZC449.3, VZC374L.1, jkk-1, and mek-1, and 
tested for a Cre phenotype.  None of these mutants retained TRN fluorescence in any of 
the six TRNs.  Because mkk-4 and these other MAPKK genes are clustered together on 
the X chromosome, we were unable to examine double mutants to test for redundancy, 
and RNAi experiments using dsRNA in a sensitized lin-35(n745) background (30)  failed 
to produce Cre phenotypes. 
Cre mutants suppress reduction of endogenous gene expression but not other 
consequences of microtubule disruption 
In addition to suppressing reduction of the Pmec-18praja::gfp transgenes, Cre 
mutations prevented other TRN expression defects caused by the disruption of 
microtubules. All four Cre mutations suppressed reduction of endogenous MEC-18 (Fig. 
4) and MEC-2 protein levels (pmk-3 shown in Fig. S4) caused by colchicine and tubulin 
mutations.  In addition mec-18 message levels were restored in cebp-1 mutants grown on 
colchicine plates (Fig. S7).  In contrast, these mutations did not prevent the touch 
insensitivity nor the defective distribution of MEC-2 puncta produced by microtubule 
defects  (11)and Fig. S4).  Furthermore, we found that TRN cell bodies were misshaped 
and larger in animals with these mutations and disrupted microtubules  (11) and Fig. 2 
and 4).  Interestingly, Cre mutants in a mec-12(e1605) background failed to show an 
increase of MEC-18 expression or the aberrant soma morphology, suggesting  that all of 
these phenotypes require loss of the 15-protofilament microtubules.  Taken together, 
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these results suggest that the four Cre genes are needed only for a subset of functions 
related to microtubule disruption. 
Colchicine eliminates microtubules in the Cre mutant TRNs 
 Several studies suggest that MAP kinase pathways can modulate the state of 
microtubules.  The MAP kinase JNK1 is required for maintenance of neuronal 
microtubules in mice (31), and DLK activation of JNK1 results in the inactivation of 
microtubule-associated proteins that promote stability (32).  Furthermore, inhibition of 
p38 MAP kinase activity increases stability of microtubules in growth cones of cultured 
DRG mouse neurons (33).  If loss-of-function mutations in Cre genes were similarly 
promoting microtubule stability, they might confer resistance to depolymerization by 
colchicine; the lingering presence of these colchicine-resistant microtubules in the TRNs 
could then account for the Cre phenotype. 
 To test whether TRN microtubules are more stable in pmk-3 mutants, we looked 
for microtubules in electron micrographs of TRN somas in wild type and pmk-3 animals 
grown on control and colchicine plates.  pmk-3 mutants on average appeared to have 
slightly more microtubules when grown on control plates (Table 1 and Fig. S8 A and B), 
but this increase was not statistically significant.  In both groups of animals, colchicine 
eliminated all microtubules in the soma (Table 1 and Fig. S8 C and D).  These results 
suggest that an increase in microtubule stability does not account for the Cre phenotype 




These experiments demonstrate a role for microtubules in regulating TRN protein 
levels.  In the absence of large-diameter microtubules, protein levels of all tested markers 
are significantly reduced in the TRNs, and conditions that interfere with general 
microtubule polymerization produce an even greater reduction.  The decreases in protein 
production caused by tubulin mutations and colchicine treatment can be suppressed by 
mutations in a p38 MAP kinase pathway and the CEBP-1 transcription factor.  Although 
the mechanism underlying this resulting Cre phenotype is unclear, electron microscopy 
experiments demonstrate that the mutations in the p38 MAP kinase pathway do not 
protect microtubules from depolymerization. 
One mechanism whereby microtubule state could effect gene expression through 
p38 MAPK signaling is that microtubules serve as docking sites and reservoirs for one or 
more of the signaling molecules. Microtubules are docking sites for a wide range of 
proteins including MAPKs, PI3Ks, cAMP-dependent kinases, phospholipases, GTPases, 
and transcription factors (3).  Depolymerization of microtubules can release these 
diffusible factors, which can directly or indirectly affect changes in gene expression (3).   
For example, in mammalian cells, release of the Smad2 protein from microtubules results 
in its phosphorylation and nuclear translocation; there, it can oligomerize with other 
Smad proteins to induce transcriptional changes in the cell (34).    
In C. elegans touch receptor neurons, DLK-1 (or another signaling molecule) may 
be similarly scaffolded onto the microtubules. Depolymerization of the microtubules 
would release DLK-1 to activate p38 MAPK signaling (Fig. 5).  This model is consistent 
with the findings that mammalian DLK-1 protein (DLK/MUK/ZPK) associates with 
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microtubules in cultured mouse cortical neurons (35).  In C. elegans the p38 MAPK 
pathway has been implicated in neuronal process growth, the formation of synapses, and 
axonal regeneration (12-14), processes that are accompanied by localized microtubule 
instability (36-38).  An intriguing possibility is that microtubule state regulates these 
processes by sequestering or releasing factors that modulate the p38 signaling pathway.   
When activated by stress, the p38 signaling pathway can affect transcription (39).  
A transcription factor that may mediate this effect is CEBP-1, which acts downstream of 
the MAPK pathway in C. elegans (29) and is required for the gene expression changes 
described here.  In mice, the C/EBP family of transcription factors regulate cell 
proliferation and differentiation, metabolism, and the response to inflammation and other 
stresses (27).  In cultured rat neurons and injured Aplysia neurons, phosphorylation of 
C/EBPβ results in its nuclear translocation (40, 41).  In response to oxidative stress, 
another C. elegans p38 MAP kinase, PMK-1, phosphorylates the transcription factor 
SKN-1, leading to its nuclear accumulation (42); in our model, MAPK activation might 
similarly promote nuclear localization of CEBP-1 in response to microtubule disruption.   
Although the effects of phosphorylation on C. elegans CEBP-1 localization has not been 
investigated, the protein is found in both the soma and the synapses of motor neurons, 
and the stability of its mRNA is dependent upon DLK-1 and the p38 MAP kinase 
pathway (29).    
Analogous microtubule-MAPK activities may be found in mammals.  Mammalian 
DLK regulates several neuronal functions, including differentiation (43), migration (35), 
morphogenesis (44), axonal growth (32),  apoptosis (45), and gene expression (46).  DLK 
can activate the JNK pathway (28), which can also be stimulated by microtubule-
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depolymerization drugs (47-50).  Colchicine-induced JNK signaling activates c-Jun and 
other transcription factors to upregulate genes promoting apoptosis (51) while inhibiting 
expression of others (52).  Although no role for DLK in colchicine-induced JNK 
signaling has been reported, DLK may initiate the JNK cascade in response to 
microtubule depolymerization.  DLK can also activate p38 MAP kinase (53), and 
apoptosis induced by colchicine is dependent upon both the JNK and p38 MAPK 
signaling in primary cultured cortical neurons (49).   Taken together with the results 
described here, we propose that mammalian DLK may activate one or both signaling 
cascades in response to microtubule disruption. 
 The exact relationship between microtubules and the MAPK signaling appears to 
be complex. MAP kinases are potent regulators of microtubule dynamics.  In mice active 
DLK can reduce microtubule stability through both JNK (32) and p38 MAPK signaling 
pathways (33).  However, as described above, the state of microtubules also regulates 
MAPK signaling, as depolymerization of microtubules activates these signaling 
pathways.  These dual processes suggest a feedback mechanism with DLK acting as a 
monitor of microtubule state: the activation of DLK by microtubule depolymerization 
could further reduce microtubule stability.   
Localized disruption of microtubules and the subsequent activation of MAP 
kinase signaling could be important for several neuronal functions.  Bray found that 
localized application of colchicine to cultured sensory neurons resulted in their 
branching, as depolymerization of microtubules generated pre-terminal growth cone-like 
structures (54).  This result demonstrated that the ability to generate growth cones was 
repressed by neuronal microtubules.  Microtubules are absent at the tips of growth cones 
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(36), suggesting that signaling molecules normally bound to microtubules are free to 
pursue their regulatory functions at growing axon terminals.  When microtubules reach 
this space, they may sequester these molecules to prevent further kinase signaling; 
indeed, failure to control p38 MAPK signaling results in overextended axons and poor 
synapse formation (12).  The presence of microtubules may provide an additional means 
of negatively regulating MAP kinase function.  Moreover, controlling microtubule state 
may regulate a variety of cellular activities through analogous sequestration mechanisms. 
Materials and Methods 
Generation, Growth, and Maintenance of Nematode Strains 
C. elegans strains were cultured at 20°C as previously described (55).  Isolation and 
initial characterization of mec-7 and mec-12 mutants have been described previously (4, 
7-10, 56). [All the protein-coding sequences involved in this work were verified by PCR-
based sequencing (Huang et al., 1995) at GeneWiz, Inc., North Brunswick, NJ.] 
 Gene expression experiments were performed using strains TU2562 expressing 
uIs22 (Pmec-3gfp), TU2769 expressing uIs31 (mec-17::gfp, O'Hagan et al., 2005), and 
TU3266 containing an integrated transgene, uIs57, expressing Punc-119gfp (and several 
non-gfp-containing DNAs that do not effect GFP expression (57)).   
 Previously existing dlk-1(km12, ju476), mkk-4(ju91, ok1545), pmk-3(ok169), 
other MAPKK mutant strains were provided by the Caenorhabditis Genetics Center, 
which is funded by the NIH National Center for Research Resources (NCRR).  cebp-
1(tm2807) and ZC449.3(tm1344) knockout strains were obtained from the National 




The effects of colchicine on C. elegans touch sensitivity were tested by growing animals 
for multiple generations on standard NMG agar plates (55)  containing 1 mM colchicine 
(6).  
Immunochemistry 
Whole-mount immunochemistry was carried out as described previously (56).  Primary 
rabbit polyclonal MEC-18 antibody (58) and T6739 monoclonal anti-acetylated tubulin 
antibody (Sigma) were used at a 1:1000 dilution; rabbit polyclonal MEC-2 antibody (21) 
was used at a 1:200 dilution.  Secondary antibodies Cyanine Cy3 Goat-Anti-Rabbit IgG 
(Jackson ImmunoResearch), Rhodamine TRITC Goat Anti-Mouse IgG (Jackson 
ImmunoResearch), and Alexa Fluor 488 Goat Anti-Rabbit IgG (Invitrogen) were all used 
at a 1:1000 dilution. 
Light Microscopy 
For fluorescence microscopy, animals were anesthetized using 0.3 M 2-3 butanedione 
monoxime in 10 mM HEPES and observed using a Zeiss Axiophot microscope.  Images 
for all figures except Fig. S4 and S5were taken with Plan-APOCHROMAT 63x 
objective; Fig. S4 images were taken using a Plan NEOFUAR 40x objective, and Fig. S5 
was taken with a Plan NEOFUAR 25x objective.  All images were taken with a 
Diagnostic Instruments Spot 2 camera at the same settings.  To make images clearer for 
publication, all images in a set were treated equally to enhance contrast and brightness.  
Images for reported observations were made on at least 20 animals per mutation or 




Quantification of Fluorescence:  For animals expressing fluorescent transgenes, ALM 
neurons from young, gravid adults grown at 20°C were photographed at 63x 
magnification and the same exposure. We measured the maximum intensity of GFP-
expressing cell bodies using ImageJ 1.40g (http://rsb.info.nih.gov/ij/).   For quantifying 
intensity of MEC-2 immunostaining of cell bodies, we photographed ALM neurons from 
young, gravid adults grown at 20°C at 40x magnification and the same exposure.  JPEG 
images were cropped identically and rotated to position the cell bodies in the same 
orientation.  Because intensity of MEC-2 and background fluorescence varies with 
immunostaining, we used ImageJ to measure the integrated density of intensity of a 100 x 
25 pixel rectangle containing the cell body; to normalize each sample for background, we 
subtracted the minimum intensity value multiplied by the same pixel area.  The remaining 
integrated density was divided by 100,000 to generate the value for each animal.   
Quantitative PCR 
We isolated total RNA from animals using TRI Reagent (Molecular Research Center) 
according to the manufacturer’s instructions.  mRNA was purified from 50 µg of total 
RNA with Oligotex mRNA Minikit (Qiagen) and reverse-transcribed into cDNA using 
Quantitect Reverse Transcription Kit (Qiagen).  Each real time PCR reaction was 
performed with 50 ng of sample cDNA in a 25 µl reaction using Quantifast SYBR Green 
PCR Kit (Qiagen) and a 7300 Real Time PCR System (Applied Biosystems).  Standard 
curves for each transcript was determined using serially diluted samples of genomic 
DNA.  The ratio of message levels comparing experimental samples to wild type for each 
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gene were calculated as described (Morrison et al., 1998) and normalized to the levels of 
ama-1 transcripts. Primers for mec-18 and mec17 transcripts included a small intron 
sequence, and the size of the PCR products from cDNA were verified by gel 
electrophoresis to ensure that no genomic DNA was present. 
Isolation and characterization of Cre mutants  
We constructed a plasmid vector (TU#819) containing Pmec-18praja::gfp  by first isolating 
the Praja domain from a mouse cDNA library by PCR using the Praja primers of (25).  
Nested PCR was then used to generate a DNA fragment fusing the Praja domain to the 5’ 
end of gfp; the PCR also introduced an ATG 5’ to the praja::gfp fusion and KpnI and 
ApaI cloning sites flanking the fragment. [The sequence for GFP was taken from the 
pPD95.75 expression vector (a gift from Andy Fire, Stanford University, Stanford, CA; 
Fire laboratory Vector kit; ftp://www.ciwemb.edu/pub/FireLabInfo/FireLabVectors)]. 
KpnI and ApaI cloning sites were then used to replace gfp with praja::gfp in the 
pPD95.75 vector.   A 0.4 kb PCR fragment containing the mec-18 promoter was then 
inserted into the HindIII-BamHI sites before praja::gfp.  The Pmec-18praja::gfp expressing 
strains TU3066 and TU3067, containing the integrated arrays uIs43 and uIs44, 
respectively, were generated by germline transformation of lin-15(n765ts) animals with 
plasmid TU#819 and lin-35(+) DNA and exposure to γ-radiation (59).   
 TU3066 animals were mutagenized with EMS as described (55) and then placed 
onto 1 mM colchicine NGM plates.  Parents were allowed to lay 30-50 eggs overnight at 
25°C, and F2 progeny were screened for Cre phenotypes.  
 Three factor crosses of u818; uIs43 with dpy-5(e61) and unc-75(e950) as well as 
deletion mapping with dxDf2 and eDf3 narrowed the position of the u818 mutation to the 
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right arm of chromosome I. Snip-SNP mapping (60) of recombinants between the 
Hawaiian strain CB4856 and dpy-24 u818; uIs43 and u818 unc-59; uIs43 double mutants 
further narrowed the position of u818 locus to a 380 kb region covered by 16 cosmids 
between map positions 13.19 and 14.00. We sequenced candidate genes in the region, 
and all six non-complementing mutations produced mutations in the reading frame of dlk-
1: u815 G2778A G308E; u816 G2189A G144R; u817 C2300T Q181Stop; u818 C2244T 
Q166Stop; u820 G2495A D246N; u821 Δ3505-3569, G3616A frameshift (resulting in a 
premature stop at codon 455).  Noncomplementation with the preexisting dlk-1(km12) 
allele and TRN-specific rescue of the u818 mutation confirmed the identify of the gene.  
TRN-specific rescue of dlk-1(u818); uIs44 was performed via injection (1 ng/µl) of a 
plasmid expressing Pmec-18dlk-1; 500 bases of the mec-18 promoter upstream from the 
start of translation were inserted into the HindIII BamHI sites in pBSKII(+), and the wild 
type dlk-1 coding sequence (with 1.25 kb of downstream DNA) was inserted immediately 
thereafter into SpeI EagI sites. 
 Similarly, the position of u819 was mapped to the X chromosome and further 
narrowed by non-complementation with the deletion meDf6.  Following a suggestion 
from Yishi Jin, we tested whether cebp-1, a gene in the region, was defective, and the 
u819 mutation encoded an A285V change.  Noncomplementation of u819 with cebp-
1(tm2807) and rescue by TRN-specific cebp-1(+) confirmed the identity of the gene.  
TRN-specific rescue of uIs44; cebp-1(u818) was performed via injection (1 ng/µl) of a 
plasmid expressing Pmec-18cebp-1; 500 bases of the mec-18 promoter upstream from the 
start of translation were inserted into the HindIII BamHI sites in pBSKII(+), and the wild 
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type cebp-1 coding sequence (with 810 bases of downstream DNA) was inserted 
immediately thereafter into XbaI EagI sites. 
 
Electron Microscopy 
Wild type and pmk-3 animals were cultured for several generations on standard NGM or 
plates supplemented with colchicine and prepared for transmission electron micrscopy 
using standard methods (61). Adults were fixed with 3.5% glutaraldehyde and 1% 
paraformaldehyde in 0.12M sodium cacodylate.  80 nm sections were cut and post-
stained with uranium acetate and lead citrate.  For each genotype and culture condition, 
five ALM cell bodies were examined in the plane of the nucleus with a Philips CM10 
electron microscope.  Microtubules were counted in at least 5 sections per cell, covering a 
distance of at least 5.6 µm. 
Touch Sensitivity 
Touch sensitivity of worms was tested by stroking the animals with an eyebrow hair 
attached to a toothpick (4).  Wild-type animals respond to touches to the anterior body by 
moving backwards and to posterior touches by accelerating forward.  Each animal was 
tested 10 times by alternately touching the anterior and posterior. 
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Fig. 1. Protein levels are reduced in TRNs when microtubules are disrupted. (A) 
Fluorescence in Pmec-3gfp-expressing ALM neurons in L1 larvae, L4 larvae, and adults 48 
hrs after hatching is reduced by mutation of mec-7 or mec-12 or growth in 1 mM 
colchicine. The mec-12(e1605) is an exception. (B) MEC-18 immunoreactivity is 
similarly reduced in adult ALM neurons (C) Similar conditions reduce fluorescence from 
Punc-119gfp in the ALM and AVM TRNs but not in other cells (e.g., SDQ and nerve ring 
neurons). Nerve ring (left column); anterior midbody (right column).  Scale bars = 20 
µm. 
 
Fig. 2. Mutations in several genes result in the colchicine-resistant expression (Cre) of 
short-lived PRAJA::GFP. (A) Colchicine abolishes TRN fluorescence in wild-type 
animals in a time-dependent manner.  (B) Mutants defective in dlk-1 and cebp-1 retain 
TRN fluorescence when grown on colchicine.  (C) Mutants defective in mkk-4 and pmk-3 
also display Cre phenotypes, although it is incomplete in mkk-4 animals.  An ALM 




Fig. 3. Extent of the Cre phenotype in dlk-1, cebp-1, mkk-4, and pmk-3 adults.  The Cre 
phenotype was measured as the number of fluorescing TRNs (maximum six) seen in 
adults that had been grown on 1 mM colchicine.  (A) Although completely penetrant in 
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all four mutant backgrounds; expressivity is incomplete in mkk-4 mutants.  (B) dlk-
1(u818) and ceb-1(u819) Cre phenotypes can be rescued by expressing a wild-type copy 
of the gene under the TRN-specific mec-18 promoter (Pmec-18).  The mean ± S.E.M. is 
indicated for n ≥20 animals.   
 
Fig. 4.  Mutations in genes for p38 MAPK pathway proteins and cebp-1 suppress the 
reduction of endogenous MEC-18 protein caused by microtubule defects.  MEC-18 
immunoreactivity in ALM neurons is shown for (A) colchicine-treated animals, (B) mec-
7 mutants, and (C) mec-12 mutants.   mec-7(0) denotes null allele; dlk-1 double mutants 
were generated with mec-7(u440), cebp-1 and pmk-3 were generated with mec-7(u443). 
Scale bar = 20 µm. 
 
 
Fig. 5. Model for microtubule-based regulation of gene expression.  Interactions are 
derived from data in this paper and others (4, 7, 12, 16, 29).  Direct positive (→) and 
negative (?) regulation is indicated by solid lines. Dashed lines indicate parts of the 
pathway that may be indirect. The MEC-3 transcription factor is also required for 
maintenance of its own expression (15).  The question mark denotes an unidentified 
MAPKK believed to be partially redundant with MKK-4. 
 
Fig. S1.  Quantification of fluorescence reduction in GFP-expressing TRNs in mec-7 and 
mec-12 mutants.  Maximum intensity of GFP fluorescence in ALM cell bodies of animals 
expressing (A) uIs22 (Pmec-3gfp) and (B) uIs57.(Punc-119gfp) transgenes.  The mean ± 
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S.E.M. is indicated; n =10 cells for (A) and 8 cells for (B). Asterisk (*) here and in 
subsequent figures indicates P ≤ 0.05 difference from wild type.   
 
 
Fig. S2. Mutations in other TRN-specific genes do not reduce GFP fluorescence.  ALM 
neurons in adult wild type, mec-1, mec-4, mec-5, mec-6, mec-8, and mec-9 animals 
expressing uIs22. Scale bar = 20 µm. 
 
Fig. S3.  Tubulin mutations and colchicine reduce MEC-17::GFP fluorescence in a time-
dependent manner.  Fluorescence from MEC-17::GFP in ALM neurons of wild type, 
mec-7(u440), mec-12(u63), and colchicine-treated was measured in L1 larvae, L4 larvae, 
and adults 48 hrs after hatching. Scale bars = 20 µm. 
 
Fig. S4.  Cre mutations increase MEC-2 levels in TRN cell bodies of tubulin mutants but 
do not rescue transport defects. (A) Representative pictures of immunostaining against 
MEC-2 in ALM neurons of young adult wild type animals, mec-7 recessive (u443) and 
dominant (u283) mutants, pmk-3(ok169) mutants, and pmk-3; mec-7 double mutants.  (B) 
Integrated density of intensity of MEC-2 immunostaining in TRN cell bodies. The mean 
± S.E.M. is indicated; n = 12 cell bodies for each genotype. Values for mec-7(u443), mec-
7(u283), and pmk-3(ok169) are not statistically different from wild type or each other. 




Fig. S5.  mec-3 adults express GFP from the unc-119 promoter in cells that would 
normally differentiate as TRNs (“ALM” and “AVM”).  Scale bar = 20 µm. 
 
Fig. S6.  Microtubule defects reduce steady-state mRNA levels of TRN-specific genes. 
(A) Transcripts for mec-3 (normalized to the level of ama-1) were measured in L4 larvae 
from wild type, mec-7(u443) and mec-12(u63) mutants, and colchicine-treated wild-type 
animals.  Results are compared setting the wild-type levels to 1.0.  The mean ± S.E.M. is 
indicated; n ≥3 independent experiments for each transcript. (B) Transcript ratios for 
mec-2, mec-17, and mec-18, determined and presented as in (A). 
 
Fig. S7.  Reduction of steady state mRNA levels is CEBP-1-dependent.  Transcripts for 
mec-18 (normalized to the level of ama-1) were measured in L4 larvae from wild type 
and cebp-1(tm2807) animals grown on control and 1mM colchicine plates.  Results are 
compared setting the wild-type control levels to 1.0.  The mean ± S.E.M. is indicated; n 
≥5 independent experiments for each transcript. 
 
Fig. S8  Colchicine treatment depolymerizes TRN microtubules in wild type and pmk-3 
mutants.  Electron micrographs of ALM neurons from control (A) wild type and (B) pmk-
3(ok169) and colchicine-treated (C) wild-type and (D) pmk-3 animals.  White brackets 
indicate the TRN microtubule bundle, and white arrows indicate TRN microtubules 
located outside of the bundle.  Scale bars = 1 µm. 
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Table 1. Quantification of TRN microtubules in ALM somas of control and 
colchicine-treated wild-type and pmk-3 animals. 
Number of microtubules in ALM soma  
Animala Controlb Colchicine-
treatedb 
wild type 35 ± 8 0 ± 0 
pmk-3(ok169) 46 ± 2 0 ± 0 
a Animals were grown at 20°C for at least 3 generations on either control or 1 mM colchicine 
plates 
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